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ABSTRACT
APPROACHES TO MODELING PATHOGEN AND NATURAL ORGANIC 
MATTER REMOVALS IN SLOW-RATE BIOFILTERS
by
Jeff D. Senders 
University of New Hampshire, May, 2013
Pathogen Removals:
£  =  - [ S ^ u K l n r ]
C„
Natural Organic Matter Removals:
_  p-(ckinr)
C o ~
There are limited expressions capable of estimating removals in one of the 
world’s oldest and most sustainable water treatment systems: slow-rate biofilters. 
This research addresses the problem by deriving semi-empirical models that 
predict pathogen and natural organic matter removals within these natural and 
engineered sand filters. The more complex pathogen model, or phenomenological 
colloidal filtration theory (pCFT), applies the 1937 Iwasaki solution to New 
England pilot scale E. coli observations. The derived pCFT was then calibrated
xvi
through a series of experimental bench scale phases. Further pCFT validation 
came by way of a seamless application to multiple microorganisms. Viruses (MS2 
as surrogate) and aerobic spore-forming bacteria (ASFB) appear to be less 
subjected to phenomenological filtration than that of Enterococci, E. coli and total 
coliforms. While variables remain unknown, the aforementioned microbiological 
contamination indicators can be modeled to within one log removal for a given 
source water and filter. Modeling natural organic matter, on the other hand, is 
primarily based on biological processes in SRBFs following first order kinetics as a 
function of filter residence time. This makes the above natural organic matter 
model directly proportional to the amount of biologically degradable dissolved 
organic carbon available in a given source water and filter. While multiple 
questions remain within the derived expressions, the resulting math provides a 
new level of efficacy in modeling removal capabilities for slow-rate biofilters.
CHAPTER I
INTRODUCTION
1.1 Overview of Slow-Rate Biofiltration
The United States has done well to secure water quality for its citizens, many of 
whom take for granted the vital resource that every civilization must have. We 
flush drinking water daily, all the while knowing that millions around the world do 
not have access to a glass of it, and even more live without sanitation facilities.
People without a consistent supply of clean drinking water, primarily in 
impecunious regions, are susceptible to waterborne disease outbreaks. Within 
these communities, children and the elderly are particularly vulnerable to 
contracting diseases. Pathogens, such as fecal coliforms and viruses present in 
drinking water sources, are responsible for the majority of waterborne disease 
outbreaks. With minimal resources and funds there are few options for drinking 
water treatment.
One option is sand filtration. There are two general types of sand filters 
outlined in Table 1.1, rapid and slow. Rapid sand filters operate at one to two 
orders of magnitude greater hydraulic loading rate
/ I I T n  volume o f  water treated  x . , .  . ,  - u(HLR,  ---------- :— :—), providing more treated water per area of filterarea o f  filte r-o p era tio n  time r  °  r
than that of slow sand filters. The trade-off is limited removal capabilities without
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the addition of a pretreatment coagulation process. Slow-rate biofilters (SRBFs), 
on the other hand, are efficient at removing many contaminants yet require low 
turbidity waters to keep from clogging.
Table 1.1: Rapid versus slow-rate biofilters
Slow Rapid
"Hydraulic Loading Rate (HLR) 0.04-0.4m3/m 2-hr
5-15
m3/m 2-hr
Empty Bed Contact Time (EBCT) Hours-days Minutes
Media Characteristics SiteSpecific Uniform
Filtration Mechanisms Natural ChemicalDependent
*Rapid-rate HLR adopted from Montgomery Watson Harza Water Treatment 
Principles and Design 2nd Ed. (MWH, 2005) and slow-rate from Manual of Design 
for Slow Sand Filtration (Barrett, Bryck, Collins, Janonis, & Logsdon, 1991)
Slow sand filters (depicted in Figure 1.1) are engineered water filtration
systems that utilize physicochemical and biological removal processes, slow
hydraulic loading rates, and a wide distribution of media sizes to treat low
turbidity source waters. As water passively travels through the bed, its
constituents are deposited within the media pore space. As this deposition
continues, a Schmutzdecke, or “dirty skin,” develops at the fluid media interface
penetrating both into the water column and filter media. The Schmutzdecke is
biologically active, creates resistance to flow and periodically needs to be removed
or cleaned from a filter when hydraulic loading rates cannot be maintained. 






Figure 1.1: Schematic of a slow sand filter
A similar system, riverbank filtration (depicted in Figure 1.2), occurs when 
water from within a stream is pulled through an alluvial deposit. During its 
underground passage, the water quality will change due to biological and 
physicochemical processes, as well as by dilution with groundwater (see Appendix 
J). Although it is similar to slow sand filtration, RBF is more complex as 




Figure 1.2: Schematic cross section of a riverbank filter
Artificial recharge (AR) of aquifers is a manmade conveyance system that 
potentially enhances the productivity of groundwater aquifers and increases the 
availability of groundwater supplies. Aquifer storage and recovery systems (ASR, 
depicted in Figure 1.3) are defined by the US-EPA as being a specific type of AR 
that increases groundwater supplies with the intent of future use.
Extraction Well
Figure 1.3: Schematic cross section of artificial aquifer storage and recovery
4
SRBFs require little more than water and sand, yet these robust systems are 
capable of reducing waterborne disease outbreaks by removing pathogens from 
drinking water sources. Within the New England region there are a number of 
SRBFs that serve drinking water to the public. Although little more than a box of 
sand, design and construction of SSFs for public water supplies should be based 
on pilot scale experiments. (Barrett, Bryck, Collins, Janonis, & Logsdon, 1991)
Even though conceptually simple, SRBFs are complex packed bed reactors. 
This complexity comes from the source water/media dynamic physicochemical 
and biological processes that play out through the filter to effectively remove a 
variety of pollutants including key constituents such as pathogens and natural 
organic matter (NOM). (Kuhn & Mueller, 2000); (Partinoudi, 2004); (Ray, 
Grischek, Schubert, Wang, & Speth, 2002); (Wang, Hubbs, & Song, 2002); 
(Tufenkji, Ryan, & Elimelech, 2002) Within the last decade the New England 
Water Treatment Technology Assistance Center (NE-WTTAC) has conducted 
three pilot scale experiments as outlined in Appendix B that assessed pathogen 
and NOM removals. A SSF study at the Winthrop, Maine water treatment facility 
(Figure I), an RBF simulation in the Newmarket Public works building, and an 
artificial aquifer storage and recovery (ASR) system for the town of Durham, NH.
5
Figure 1.4: Winthrop, Maine drinking water treatment facility and one of its
drained slow sand filters
1.2 Pathogens of Concern in Drinking Water Treatment
Pathogens are microorganisms that cause disease. Outlined by the US-EPA, in 
Table 1.2, are a few pathogens of concern in public drinking water systems. While 
these key pathogens can be difficult to detect, the US-EPA uses indicators, such as 
total coliforms and E. coli to estimate contamination levels. Based on the 1974 
Safe Drinking Water Act, and more recent Long Term to Enhance Surface Water 
Treatment Rule’s (LT2ESWTR) focus on Cryptosporidium, none of the following 
pathogens, including total coliforms and E. coli, are allowed in public drinking 
water. Enterococci and MS2 are not, however regulated in drinking water by the 
US-EPA. (EPA, 2013)
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Table 1.2: Pathogens of concern in drinking water











protozoan parasite that 
resides in the host's 
intestines. Giardia 
lamblia can be found in 
water, food, or soil that 
has been contaminated 




Similar to thermophiles, 
Legionella are bacteria 
that tend to be found in 
warm water 
environments. Heated 




Tiny organisms that live 
in the intestines of 
infected animals. 
Composed primarily of a 
protein envelope that 
surrounds nucleic acids 
(DNA or RNA), they 




Table adopted from water.epa.gov
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bacteria that can be used 
to indicate the presence 
of pathogens. ■Fecal coliforms & 
Escherichia 
coli (E. coli)
Similar to total coliforms 
these organisms indicate 
the presence of fecal 
contamination and are 




Microbes that indicate 
fecal contamination and 





Viruses that infect E. coli 
and indicate fecal 
contamination. Also due 
to their small size, 




Table adopted from water.epa.gov
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1.3 Natural Organic Matter
Natural Organic Matter (NOM) is of particular concern to the US-EPA as it 
interacts with chemicals used in the removal of pathogens and can form 
carcinogenic compounds when chlorinated. (EPA, 2011) NOM is aesthetically 
unpleasant as it contributes a yellowish/brown color to water yet it occurs, as the 
name implies, naturally as a result of plant and animal activity.
NOM consists of both dissolved (<0.45 pm) and particulate phases (>0.45 
pm). The biodegradability of the aqueous phase, also termed dissolved organic 
carbon (DOC), can be partitioned into three fractions: rapidly degradable, slowly 
degradable, and non-degradable organics. Biologically degradable dissolved 
organic carbon (BDOC) is a general term for biodegradable organics yet 
observations are subject to method. (Montgomery Watson Harza, 2005)
1.4 Problem Statement
Even though SRBFs are among the oldest drinking water treatment 
technologies, there are limited expressions that describe pathogen or NOM 
removals throughout them.
1.3 Experimental Approach
As outlined in Chapters II & III, and Appendix A, the 1937 Iwasaki solution to 
the advective dispersion equation provides a mathematical frame work for this 
research. With roots in the early 1970s work of Yao, Habibian, and O’Melia, this 
research applies classic colloidal filtration theory to SRBFs. Conflicting 
assumptions within the plug flow theory are overcome by using the surface area
9
per volume designation. Model efficacy is maintained with a method to determine 
this parameter from a standard sieve analysis. This resolved the plug flow 
dilemma, but SRBFs operate at a ‘pseudo-level’ in reactor theory, as 
phenomenological plug flow reactors.
Described in Chapter III and Appendix A, the phenomenological component of 
colloidal filtration theory was addressed similar to that of Campos in 2002 by 
implementing the Iwasaki solution. (Campos L. C., 2002) This work diverges from 
Campos’s and is more congruent with the Montgomery Watson Harza Water 
Treatment Principles and Design method, in that it applies classic colloidal 
filtration theory (CFT) as defined by Yao, Habibian, and O’Melia in 1971, yet 
implements the 2004 Tufenkji and Elimelech single collector efficiency equation 
to account for pathogen removals associated with depth filtration. A key 
distinction from both methods is the continuity in modeling both depth and 
phenomenological removals within one continuous expression.
The phenomenological CFT (pathogen model) was obtained by correlating the 
specific deposit and biomass to the sticking coefficient of CFT. These variables 
appear to follow a power based function with an exponent of negative one that is a 
function of filter residence time. This finding was integrated resulting in a 
continuous function, versus Campos’s depth discretization method, to account for 
phenomenological filtration dynamics within the filter pore space. Then by 
applying this relationship to first order NOM removals that are a function of 
biomass, the less complex SRBF NOM model was derived.
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A multitude of bench scale experiments were designed and conducted to 
elucidate effects associated with deposited substances and biomass on E. coli and 
NOM removal. While nothing is inferred from the experimental units outlined in 
Appendix C, control filters within these experiments worked to calibrate the 
pathogen model. The NOM model did not undergo calibration as this requires 
extensive biomass observations. Throughout, model validation came by way of 
three different New England pilot scale SRBFs.
While these techniques should not be used as standalone estimates, they do 
enable interested parties to more effectively estimate removal efficiencies in 
SRBFs. As outlined in Chapters IV and V, these models could be used in 
conjunction with conventional operation and maintenance assessment as an aid in 
pilot experiments to obtain better water quality control.
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CHAPTER II
APPLYING CLASSIC COLLOIDAL FILTRATION THEORY TO SLOW-RATE
BIOFILTERS
2.1 Background of Classic Colloidal Filtration Theory (CFT)
In 1937, Tomihisa Iwasaki proposed a filtration model based on experimental 
data obtained from sand filters in Japan. Iwasaki proposed that the concentration 
profile of particles with respect to depth can be modeled by a natural logarithmic 
law that is a function of the impediment modulus X also known as the filter 
coefficient in units of length1. (Iwasaki, 1937) This deposition of particles to 
granular media from a water source is commonly expressed as first-order 
attachment referred to as clean-bed filtration, Equation 2.1.
dc
—  = -XC (2.1)
OL
Integrated:
C/Co = exp (-XL) (2>2)
Existing clean-bed or depth filtration models assume the control volume is 
composed of physically homogenous spherical media. (Logan, Jewett, Arnold,
12
Bouwer, & O'Melia, 1995) Drinking water granular media filters utilize a wide 
distribution of media sizes and characteristics to treat various source waters. 
Compounding this discrepancy from the model’s assumption, slow-rate 
biofiltration systems (SRBFs) such as artificial aquifer storage and recovery 
(ASR), slow sand (SSF) and riverbank filtration (RBF), rely on pre-deposited 
substances and biological activity to achieve optimal removals (Huisman & van 
Haaren, 1967); (Darby & Lawler, 1990); (Collins, Eighmy, Fenstermacher, & 
Spanos, 1992); (Ray, Melin, & Linsky, 2002); (Unger, 2006).
Further development to describe particle movement in packed beds was 
published by Yao, Habibian, and O’Melia in i97i.Their ground breaking work is 
based on a one-dimensional clean-bed filtration mass balance equation 
formulated for a single collector in a differential slice of the filter. This effective 
transport model assumes bulk flow follows gravity and the non-interacting 
spherical media does not have deposited particles effecting removals. Yao’s work 
resulted in what is commonly referred to as classical colloid filtration theory (CFT) 
denoted as Equation 2.3. q, depicted in Figure 2.1, accounts for physical trajectory 
and is a coefficient that represented the number of particles that come in contact 
with the collector divided by the number of particles that approach the collector, 
and a  reflects system chemistry as the fraction of the number that stick 
permanently divided by the number that come in contact with the collector. If the 
model is correctly applied, neither q or a should be greater than one as this 
implies over 100% of pathogens hit or stick permanently to the sand grains they
approach. Within q, diffusion, interception, and sedimentation are additive.
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Diffusion accounts for the random motion of small particles, interception 
represents particle streamline to collector collisions, and sedimentation predicts 
gravitational and convective vectors probability of collision. (Yao, Habibian, & 
O'Melia, 1971)
x  = 3(1-e)na/2dc  (2.3)






Figure 2.1: Yao, Habibian, and O’Melia Collector
Assuming that porosity (6) and media size remain constant, with respect to depth, 
the expression for particle removal in clean-bed granular media filtration can be 
written as Equation 2.5.
C/Co = e-oa- e)n“L/2dc) ( 2>5)
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2.2 Estimating Media Surface Area per Volume from a Sieve Analysis
Modeling must remain simple and parameters easily obtained. The surface 
area per volume (as) may be determined from a simple sieve analysis. Using sieve 
sizes that surround media sizes and assuming the media is spheres of one size 
between each sieve pan, the surface area per unit volume may be calculated from 
measuring the mass per grain size and knowing the density of the media (p -2.65 
g/cm3 for sand). An example calculation is provided below for sand retained 
between two sieve pans.
di = mean diameter between two sieve sizes
(U.S. standard pan numbers 30 & 40) = 0.363 mm
Mass of sediment with diameter di is measured = 206 grams
Volume per grain of size di = Jtdj3/6 ^  ^
Volume per grain dt = Tr- ‘36; = 0.025 mm3
6
Mass per grain of size di = pi?idi3/6 (2.7)
9 cm3 ,
Mass per grain o f  size dt = 2.65 — =■ x ——------x 0.025 mm6cm* lO^mm 
, grams 
= 6.625 x 10 ~5 - — — grain
Number of grains of size di = mass of grains of size di/mass per grain of size di (2.8) 
number o f  grains dt = = 3,109,434
grain
Surface area per grain of size di = Jidi2 (2.9)
Surface area per grain dt = 7t (0.363 mm)2 = 0.414 mm2
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Surface area of all grains of size di = (# of grains di)(ndi2) (2.10)
Surface area o f  all grains o f  size <2* = 3,109,434(0.414 mm2)
= 1,287,195.36 mm2
Total volume of all grains of size di = (# of grains di)(7tdi3/6) (2.11)
Total volume o f all grains o f  size dt = 3,109,434(0.025 mm3) = 77,735.85 mm2
Performing the above calculations on a sieve set and summing the surface area 
and volume in a spreadsheet (see Appendix F), one can obtain the surface area per 
unit volume with the following relationship:
Total media volume (Vt) = void volume (Vv) + volume of sand (Vs) (2.12)
Vv = (e/(i-e))V. (2.13)
vt = vs/(i- e )  (2.14)
a (Len t/T 1) = (1 ~ €)\L(#of9™™s o f  size dt){ ndt2)] ^  ^
nd-3[(£ (#ofgrains o f size df){—g1-)]
In 1992, Vukovic and Soro related the porosity (6) of sand to the size 
uniformity coefficient (UC = d6o/d10, where d is the diameter of media and the 
subscript is the percent by mass that is smaller than that diameter) with a power 
based function (Equation 2.16). This research concluded from a split plot 
fractional factorial experiment that there was no apparent difference between 
measured versus calculated porosity when estimating as with a sieve analysis. (See 
Appendix F for details)
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e  = o. 255(1+o.83uc) (2 .16)
For example: (Media characteristics representative of SSF media in Table 2.1) 
Uniformity Coefficient (UC) = cko/dio = 0.64 mm/0.31 mm = 2.1
6 = 0.255(1 + 0.831-9) = 0.43 
Within classic colloid filtration theory collectors are clean solid spheres. Unless 
the media is marbles this is not accurate. If the surface area per volume is 
calculated using the provided sieve analysis method, a shape factor sphericity pP, 
unitless) may be applied to the CFT. For a sphere, W = 1 as the surface area per 
volume increases V  approaches o. Therefore, spherical surface area per volume 
divided by *P brings about a more accurate representation of total media surface 
area per volume expressed as equation 2.18.
3s(actual) =  fls(sphere)/ V  ( 2 .17)
C/Co = exp-(as(sPhe^ e)a^L)/l^ , (2.18)
As W decreases (angularity of media increases), the surface area per volume of 
the media increases from that of spheres, the modified CFT predicts that angular 
media will be more efficient at removing particles than spherical media of the 
same nominal diameter and surface chemistry.
*P can be estimated for filter media by counting and weighing grains of a 
known diameter and density and comparing the observed mass to the expected 
mass perfect spheres of the same size (e.g. seamless application with the sieve 
analysis technique). One should note this method is crude, yet for the sake of
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model evolution and along with pathogen characteristics, this work treats the 
shape factor as a constant.
2.3 Single Collector Trajectory Model, r)
To date, there are a number of clean-bed filtration models for the single­
collector efficiency, r|, used for modeling physicochemical filtration in saturated 
porous media. These models are for the initial deposition of particles on a single­
collector in spherical granular media. (Logan, Jewett, Arnold, Bouwer, & O'Melia, 
1995) (Lawler & Nason, 2006) All are inversely related to the collector diameter. 
For almost 30 years, the 1976 Rajagopalan & Tien (RT) model was considered the 
most accurate and complete trajectory prediction model. (Logan B. E., 1999) 
Although the RT does account for Brownian motion (Rajagopalan & Tien, 1976), 
the Tufenkji & Elimelech (TE, 2004) model is considered more accurate. (Tufenkji 
& Elimelech, 2004); (Lawler & Nason, 2006) A multitude of controlled 
experiments using glass beads, spherically shaped sand, and/or uniformly sized 
media have been conducted over the years to elucidate significant variables and 
their interactions, yet little has been done to address model application to 
physically heterogeneous media. (Fitzpatrick & Spielman, 1973); (O'Melia & 
Tobiason, 1988); (Elimelech & O'Melia, 1990); (Liu, Johnson, & Elimelech, 1995); 
(Johnson, Sun, & Elimelech, 1996); (Putnam & Burns, 1997); (Ko & Elimelech, 
2000); (Tufenkji & Elimelech, 2004)
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2.4 Modifying dr to Account for Media Size Distributions
As previously stated, current clean-bed filtration models assume the media is 
solid spheres uniform in size. SRBFs use non-uniform media with a wide 
distribution of shapes and sizes. Due to the non-linear relationship of surface area 
per volume (as) to diameter, it is difficult to determine a collector diameter that is 
characteristic of the filter media. To arbitrarily pick effective size (di0), or d50 for 
modeling, is not representative of a distribution in collector sizes. Using the 
arithmetic mean (da) is helpful, but not reflective of a geometric distribution in 
sizes. A more accurate depiction is the geometric mean (dg); however this is not 
calculated from the surface area per volume or porosity, and thus cannot be used 
for algebraic substitution within the model.
In 1958, John Happel proposed that modeling the flow as completely 
concentric around a sphere in a packed bed could be used to physically estimate 
the fluid mechanics of smooth solid spherical media that is uniform in size. The 
Happel sphere-in-cell cross sectional area per volume, depicted as Equation 2.19, 
is a function of porosity. (Happel, 1958)
Figure 2.2: Happel sphere-in-cell model
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(1 -  €)
as' (Length_1) = ---------
(#0/ grains o fdc) ^ ^ )
itdr3,, 2d,
3(1 "  Q  , ,(2.19)
C[((#o/^rairi5 0 /  size dc)( £  )]
Another geometric representation is a box loosely filled with spheres of one 
size. This box may have a theoretical porosity of 47.6%, which can be 
geometrically represented as a sphere inside a box, where the box length equals 
the diameter of the media (Figure 2.3).
H = dsB
Figure 2.3: Sphere in box representation 
dsB = H = jt/as (2.20)
The sphere in a box representation cannot be used for modeling granular 
media filters because of the wide distribution of media sizes and shapes effecting 
porosity. In order to account for a distribution of media sizes a collector diameter 
must be estimated from the surface area per volume and related porosity.
For a distribution of media sizes there are multiple sizes of collectors contained 
within the filter box. In this case each collector can be geometrically represented 
as Figure 2.4 with a sphere in a box where the box length is a function of the 
porosity (das * H). The formulation used to calculate das is provided below by 
substituting the volume of a sphere for the volume of the sand in Equation 2.15 
bringing the expression to Equation 2.21.
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Figure 2.4: Geometric representation of das
das= 6(1- 6 )/as (2.21)
2.5 Differences in Collector Diameters
Current models predict that more removals are associated with smaller 
collectors (i.e., higher as). In order to account for physical, chemical, and 
biological interactions, a SRBF model should account for porosity and the surface 
area per volume. The effective size (dio), arithmetic mean (da), and Happel Cell 
collector (dH) do not reflect the physical properties of non-uniform filter media. 
d50 appears to be acceptable for modeling but diverges from das as the distribution 
of sizes within the media increases, and therefore should only be used when media 
characterization is limited.
The geometric mean reflects a distribution of sizes, but is not calculated from 
surface area per volume and therefore cannot be used for algebraic substitution. 
Where the sphere in box representation appears to be usable, it is not a function of 
the actual media porosity and as such is an inaccurate physical representation. 
There must be continuity in modeling with a single collector diameter that is 
representative of a distribution of media sizes. Modeling with a collector diameter 
that is a function of the media’s surface area and porosity provides this continuity. 
One could use either the Happel Cell or das for modeling with a distribution of
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media sizes. Because das falls within the middle of the media range outlined in 
Table 2.1, this research uses it for modeling. It should be noted that while 
appearing insignificant, inconsistencies in collector diameter used for modeling 
could attribute to static between researchers.
2.6 Using Pilot Studies to Validate Modeling Approach
If classic colloidal filtration theory (CFT) is correct, then continuity should be 
found between data sets of filters operating with different media characteristics. 
Three pilot scale New England SRBF experiments were used for validation (see 
Appendix B). Between these data sets there are two surface waters and three 
different medias. The first experiment consisted of a pilot scale slow sand filter in 
Winthrop, Maine that was acclimated to the town’s Narrows Pond surface water 
supply. These 80 - 85 cm deep filters were operated at a hydraulic loading rate 
(HLR) of about 0.2 m /hr for over two years and challenged with E. coli eight 
times. (Partinoudi, Collins, Dwyer, & Martin-Doole, 2006)
The second experiment was conducted in the fall of 2009; two columns each 
three meters tall were filled with -2.5 meters (each) of local alluvial deposit 
(sand/gravel from the town of Newmarket, New Hampshire gravel pit). The 
columns were operated in series in a saturated down flow mode at a hydraulic 
loading rate of approximately 0.075 m /hr on the local Lamprey River water to 
assess the removal capabilities of riverbank filtration (RBF) systems without 
dilution from groundwater. The RBF columns were challenged twice with E. coli 
(CN-13): once in the beginning (five days into operation) and again 27 days into
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operation to determine the relative significance that ripening has on the removal 
of E. coli in the system.
The third data set comes from an artificial aquifer storage and recovery (ASR) 
study conducted by the NE-WTTAC for the town of Durham, New Hampshire that 
too operated with Lamprey River water. This local alluvial deposit was challenged 
three times at a hydraulic loading rate of approximately 0.05 m /hr with CN-13 
over the summer of 2010 and is representative of saturated up-flow conditions 
versus the saturated down-flow of the other two apparatuses. Looking at Figure 
2.5 and Table 2.1 it is apparent that the media is non-uniform and differs between 
experiments.
Particle Size Distributions o f SRBF media
100  
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Figure 2.5: Particle size distributions of pilot-scale SRBF media
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Table 2.1: Characteristics of pilot scale media
SRBF Media Characteristics
Parameter ASR RBF SSF Unit/formula
Surface Area/Volume 
(as) 7629.23 10232.77 6459.02 n r1
Density of media 1.96 1-73 0.76 g/cm3
UC 9-1 5*5 2.1 N/A
e 0.30 0.35 0.43 N/A
Arithmetic mean (da) 0.02 0.05 0.31 da =(di+d2+d3...+dn)/n
dio 0.11 0.15 0.31 10 % by mass passes
Happel-cell diameter 
(dH) 0.14 0.10 0.13 3(1- 6)/2as
Sphere-in-box diameter 
(dsB) 0.41 0.31 0.49 n /as
Surface area per 
volume diameter (das) 0-55 0.38 0-53 6(1- 6 )/as
d50 0.79 0.65 0.57 50% by mass passes
Geometric mean (dg) 0.95 0.73 0.60 dK = nV of di*d2***dn
cUo 1.00 0.82 0.64 60 % by mass passes
'E (approximated) 0.84 0.84 0.84 unitless, treated as a constant
*all diameters represented in millimeters
2.7 Applying Surface Area per Volume to Colloidal Filtration Theory
By measuring removals of microorganisms such as E. coli with respect to depth 
and knowing the required parameters, as depicted in Equations 2.22 & 2.23, a  can 
be estimated algebraically. (Tufenkji & Elimelech, 2004)
a  = (-2dasln(C/Co))/(3(i-e)r|L =(-ln(C/Co)/as'r|L) 22-j
Or, if using the total surface area per volume:
a  = (-Vln(C/ Co)/asr|L) (2.23)
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If the model is correct neither a  or r| (see Appendix G for r| calculations) should 
be greater than one. This is because q is the number or concentration of particles 
that contact the collector divided by the number or concentration of particles that 
approach the collector, and a  is the number of the particles that adhere to the 
collector over the number that contact the collector; if a  is calculated to be greater 
than one, there is an analytical or human error, otherwise the model is not correct.
SRBFs have higher a  values close to the supernatant fluid and media interface 
that tend to decline following a power-based trend with respect to empty bed 
contact (EBCT) or residence time (t). This is due to the presence of pre-deposited 
substances and rich bioactivity associated with the Schmutzdecke and upper 
region of the filters. Because the model used is a depth filtration model, which 
assumes the media is clean silica, then it is possible that a  could be greater than 
one. Some studies, including this one, as depicted in Figure 2.6, report calculating 
a ’s greater than one. (Hinjen, Brouwer-Hanzens, Charles, & Medema, 2005); 
(Harter, Wagner, & Atwill, 2000)
More recently, a study out of the Netherlands in 2009 by Lutterodt et al. 
focused on the heterogeneity of E. coli in saturated quartz sand. Below is a direct 
snip of their reported sticking coefficient estimates depicted in Figure 2.6 as the 
sticking coefficient with respect to depth in meters. Note the hyper-exponential 
trend with origins greater than one, indicating over 100% of the E. coli are 
adhering to the sand grains they contact.
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The group in the top curve of Figure 2.6 matches identical to the hyper­
exponential patterns witnessed in the aforementioned New England systems as 
depicted in Figure 2.6 and Figure 2.7. The UCFL-94 bottom curve shows a 
witnessable decrease in removals due to a lack of motility observable as the 
presence of protein Antigen 43. During the Netherlands study the media was 
clean, e.g. no Schmutzdecke, and operated at a bulk fluid velocity of 1.16 xio-4 m /s 
or -0.42 meters per hour. (Lutterodt, Basnet, Foppen, & S., 2009) When the 
Netherlands data is overlaid with that of the New England set, as in Figure 2.7, the 
observations line up; this supports steady state assumptions, continuity in 
modeling, and warrants the integration of phenomenological filtration theory with 
CFT.
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Figure 2.6: Lutterodt et al. estimation of the sticking coefficient (a) with respect to 
E. coli heterogeneity and classic colloidal filtration theory
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Fortunately, modeling with the total surface area per volume reduces the 
resulting estimates of the sticking coefficient, thus allowing for greater expansion 
into enhanced removals associated with SRBFs. The sticking coefficient was 
estimated from 138 observations of steady state E. coli removals in two different 
ways: the CFT using the Happel Cell geometry (Equation 2.30) and surface area 
per volume (Equation 2.31) for the three pilot scale studies outlined in the 
previous section and Appendix B: Durham ASR, Newmarket RBF, and Winthrop 
SSF. In order to compare apples to apples both Figure 2.6 and 2.7 use das in the 
trajectory model. Implementing either method depicts the sticking coefficient 
follows a power-based trend with residence time, whose exponent can be negative 
one, as depicted in Figures 2.7 and 2.8 expressible as Equation 2.24.
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Figure 2.8: asCFT pilot scale Durham, NH ASR; Newmarket, NH RBF; Winthrop, 
ME SSF estimates of the sticking coefficient using surface area per volume 
colloidal filtration theory, asCFT
a  ~  c t -1  (2  2 4 )
If the media is clean and CFT is valid, a  should not be greater than one and will 
not change with respect to depth or empty bed contact time. Due to the increased 
removals associated with the Schmutzdecke and biologically rich zone, the 
estimated sticking coefficient (a) may be greater than one in this region of SRBFs. 
This is primarily because the effects of deposited substances and biological activity 
are not accounted for in classic colloidal filtration theory.
2.8 Conclusions
Utilizing the total surface area per volume in classic colloidal filtration theory 
reduces confounding observations of the sticking coefficient. While these errors 
may be a reflection of removals not accounted for within CFT, it also suggests the 
need to utilize total media surface area when possible, then address deposited
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substances within the pore space with phenomenological filtration theory. 
Allowing further CFT expansion into heterogeneous media, the provided approach 
to estimating the surface area per volume from a standard sieve analysis 
maintains model efficacy. Further continuity is maintained with this approach by 
implementing a diameter of collector that is a function of both the media surface 
area per volume and porosity.
The next step of applying CFT to SRBFs must account for deposited substances 
that impact removals within the pore spaces. One may assume the sticking 
coefficient follows a power-based trend that can be incorporated into the model. 
However, the CFT assumptions within CFT do not support the sticking coefficient 
to change if the fluid/clean media chemistry is the same with respect to depth. 
While chemistry is dynamic within SRBFs, the sticking coefficient appears to be 
correlated to deposited substances within the pore space and as such 
phenomenological filtration theory should be applied.
• SRBFs are phenomenological plug flow reactors.
• 53 of the 138 New England CFT sticking coefficient estimates were 
found to be greater than one, with a maximum value of 14.53, compared 
to the asCFT largest a of 3.05 and nine observations greater than one.
• Of the Maine SSF data set, 53 of the 59 CFT sticking coefficient 
estimates are greater than one, many at 80-100 cm in depth.
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• If depth filtration is the dominant mechanism (i.e. plug flow), the 
sticking coefficient should be constant with depth and must not be 
greater than one.
• Modeling with media actual surface area per volume versus the cross 
sectional surface area per volume reduces observed a values by 1/4 and 
allows for greater expansion into non-depth associated removals.
• The correlation between Netherlands and New England a  estimates 
supports continuity in modeling and warrants assessment of the 
assimilated groundwater recipe used and its experimental applications.
• The asCFT effectively accounts for media heterogeneity yet pathogen 
heterogeneity remains untouched.
• Pathogen heterogeneity falls within the trajectory model (r|) and 
sticking coefficient (a) of colloid filtration theory, whereas interactions 




APPLYING PHENOMENOLOGICAL COLLOIDAL FILTRATION THEORY TO
SLOW-RATE BIOFILTERS
3.1 Problem Statement
Even though slow-rate biofiltration systems such as slow sand and riverbank 
filtration are among the oldest drinking water treatment technologies in existence, 
no model exists that accurately describes pathogen removals for engineers. Depth 
filtration models predict microbial transport in saturated granular media. 
Unfortunately, these models assume the media is clean solid spheres, uniform in 
size. Slow-rate biofilters (SRBFs) utilize non-uniform granular media, biological 
processes, and deposited substances to enhance filtration efficiency; however, 
current filtration models do not account for these removal mechanisms.
3.2 Background
SRBFs such as slow sand (SSF) and riverbank (RBF) depend on a distribution 
of media sizes and a source water specific deposit to enhance pathogen removal. 
Behind the interfacial phenomenon associated with the specific deposit, depth 
filtration can be modeled by accounting for non-uniform media using a surface 
area per unit volume (as) designation. The interfacial ripening phenomenon 
occurs as the mass flux of natural waters percolate through the saturated porous
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media bed. As more substances are removed from the source water, a filter cake 
commonly referred to as the Schmutzdecke is formed at the fluid media interface.
Classic colloidal filtration theory, CFT, as defined by Yao, Habibian, and 
O’Melia in 1971 was previously modified for application to heterogeneous media. 
Building on the modified surface area CFT (asCFT), an expression to account for 
enhanced removals associated with the specific deposit was developed. The 
previous section proved that with or without a visible fouling layer, enhanced 
removals observed in the CFT with respect to slow-rate biofilters are commonly 
expressed as hyper-exponential with respect to depth and the sticking coefficient. 
In order to understand this phenomenon one must go back to 1937.
In 1937, Tomihisa Iwasaki proposed a method to account for deposited 
substances (specific deposit) that effect filtration efficiency. He defined the 
impediment modulus (A) as Equation 3.1 and from Chapter 2 the initial 
impediment modulus is defined as Equation 3.2.
X — Aq + ka  ^ ^
,  *sW  , .
*0 = (3.2)
mass
a = specific deposit per bed volume in units o f  •volume
k = rate constant e f f ec t  o f  specific deposit with units o f  am m eters-1 
Acknowledging that multiple substances effect filtration efficiency and assuming 
the variables are additive (rj also assumes settling, interception, and diffusion are
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additive, (Tufenkji & Elimelech, 2004)), a generic form of the impediment 
modulus can be defined as Equation 3.3.
A = A0 + fci<Ti + k2a2 + -  + kn°n (3.3)
3.3 An Approach to Phenomenological Colloidal Filtration Theory
Multiple studies have attempted to account for the phenomenological effects 
deposited substances have on colloidal removal in saturated granular media 
filters. Darby and Lawler published a paper in 1990 that addresses ripening of 
depth filters. They concluded the highest increase in filter resistance occurred in 
the top section of the bed and that the increased removals associated with a 
ripened filter are a result of the pre-deposited particles interacting with particles 
in the fluid stream through differences in surface charges and relative size 
differences. (Darby & Lawler, 1990)
In 1994, Ellis and Aydin (see Appendix A) published a paper addressing the 
distribution of suspended solids (SS, particles >0.45 pm in solution), active 
biomass (bacteria counts in 106 CFU/cm3), turbidity (T, NTU), and particulate 
organic carbon (POC, mg/cm3), within slow sand filters. In combination with the 
authors’ data of active biomass (nmol P0 43-/gdw) and cation exchange capacity 
(CEC, eq/m 2), in Figure 3.1 it becomes apparent that the sticking coefficient (a) is 
correlated to the specific deposit (a) which itself is a function of the empty bed 
contact time (EBCT).
33










■ . ......■ __ ____________ ■__
- a
1 i  |  ^
* SS (mg)
P y  " * * i  * xT (N T U )
I I  m
F  •
* POC (m g/cm A3)
1 :  * • i o A6CFU/cmA3
■ 0 nm olP 04A3*/gdw
■ CEC eq/sq-m
0 5 10 15 20 25 
EBCT, hrs
30
Figure 3.1: Correlating a  to a  
Integrating a  as a function of EBCT (equivalent to residence time, x, in a plug flow 
reactor) and defining the initial impediment modulus as asCFT, this 
phenomenological asCFT (pCFT) is expressible as Equation 3.4.
f c dC asr}aL f r f T f r
J ~c~ = ~ V ~  + UJ kl<Tl dT + u J  k2ff2 dr + -  + u j  knan dr (3.4)'
'C0 v '  * • 'T o  • 'T o  • 'T q
Applying the correlation between a  and o discussed in the previous chapter where 
a  may be approximated as Equation 3.5 the pCFT of SRBFs is expressed as 
Equation 3.6 where K may be approximated using Equation 3.7 similar to 
Iwasaki’s findings, (see Appendix A)
a  oc a  ~  cr 1






Model calibration was accomplished through a series of bench scale 
experiments, see Appendix C for details. Each 4.8 cm inner diameter Kontes glass 
chromatography column was gently filled with washed Holliston 00s or 000s 
(Defined in Appendix C, depending on experimental design) in saturated 
conditions using the source water. Air pockets were further minimized by tapping 
the sides of the chromatography columns during the filling process. All filters were 
operated with an empty bed contact time of 30 minutes in a saturated down flow 
mode with natural Lamprey or Oyster River waters received from the intake of 
Durham, NH drinking water treatment facility. Digital Watson Marlow 300-500 
series peristaltic pumps with Masterflex Teflon tubing maintained hydraulic 
loading rates ranging from 0.1 to 0.5 m /hr.
The IDEXX Quanti-Tray method was used to quantify E. coli and total 
coliforms whose feed concentrations ranged from 263 to 17,334 MPN/ioomL of 
colony forming units during the experiments. Duplicates and triplicates of every 
sample were conducted with sampling events ranging from two days on through to 
controlled E. coli (CN-13) challenges a month into operation. For each controlled 
challenge, three bed volumes were passed through the filters before sampling 
began; feed concentrations were monitored throughout.
All 67 observations obtained from the bench scale control filters outlined in 
Appendix C were used for model calibration as depicted in Figure 3.2 with 95% 
confidence intervals (C.I.). The consistent results support steady state
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assumptions and Iwasaki’s conclusion that the rate constant effect (K) of the 
specific deposit is a function of hydraulic loading rate (HLR) or bulk fluid velocity 
(u) and not mass of deposit. Noting the 95% confidence interval in Figure 3.2 
spreads apart as HLR increases could mean these assumptions may not be valid at 
high HLRs (>0.3 m/hr), yet appear to be with low HLRs (<0.3 m/hr). This 
suggests K may be a function of the quantity water treated and its constituents. 
These findings are in accordance with colloidal filtration theory and may be 
represented as Equation 2.7; for E. coli in Durham, NH Ci and c2 were found to be 
approximately 7.75x104 and 9.02x103. This bench scale calibrated K slightly 
increased pCFT resolution in the New England pilot scale validation data set. 
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Figure 3.2: pCFT rate constant K as a function of hydraulic loading rate (HLR) for
the Lamprey and Oyster Rivers of NH.
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K~ -  [cx + c2ln(HLR)]
K and Ci are in units of m eters1 
c2 is in units of sec/m2 (assuming natural log is scaling units)
3.5 Validating Phenomenological Colloidal Filtration Theory
The Durham ASR, Newmarket RBF, and Winthrop SSF studies outlined in the 
previous chapter and covered in Appendix B, were used for model validation. The 
Durham, NH Artificial Aquifer Storage and Recovery (ASR) pilot scale data, 
Figure 3.3, supports model robustness by assessing a saturated upflow system 
versus the modeling assumption of downflow. The pCFT appears to work without 
manipulation of the gravitational settling term within r\ for saturated upflow 
conditions.
False negatives are non-desirable for this model, as a cautionary note, Figure
3.4 portrays over-estimation of removal. pCFT discrepancies from the 
Newmarket, NH RBF data set may be attributed to a lack of Schmutzdecke 
ripening. The RBF columns were challenged in series five and 27 days into 
operation at an average hydraulic loading rate (HLR) of 0.075 m3/m 2-hr. The 
Lamprey River water used during this experiment was supplied via trucking in 
two 250 gallon cube tanks once per week. This unavoidable stagnation time in 
combination with a low hydraulic loading rate could have attributed to the 
observed reduction in the interfacial phenomenon. If the Newmarket RBF filter
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were to have been operated with fresh surface water, one could expect removals to 
increase slightly at the interface consistent with pCFT predictions.
Durham Artificial Aquifer Storage and
Recovery (ASR) E. coli Observations
c / c o Versus pCFT Predictions
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Figure 3.3: Durham, NH artificial aquifer storage and recovery pilot scale E. coli









Newmarket, NH Riverbank Filtration 




X "  1
■ 19 I
■ ^ •7 - •
Figure 3.4: Newmarket, NH Lamprey River pilot scale RBF E. coli observations
versus pCFT predictions
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Winthrop, ME Pilot Scale Slow Sand 
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Figure 3.5: pCFT versus Winthrop, Maine SSF E. coli observations
Modeling discrepancies are pronounced in the Newmarket RBF and Winthrop, 
Maine pilot scale studies as shown in Figures 3.4 and 3.5. While difficult to 
speculate, discrepancies could be attributed to remaining unknown variables 
within pCFT such as temperature and microbial dynamics but the amount of 
scatter within the Winthrop study suggests analytical error may be somewhat to 
blame. Another source of error worth noting is the standard deviation in the feed 
concentrations of the microbial challenges. Standard deviations of +/-30% for C0 
observations during microbial challenges are not uncommon. (See Appendix B for 
details)
3.6 Model Application to Multiple Organisms
Further pCFT validation comes with application to multiple organisms. This
was accomplished by accounting for microbial size (assumed density of 1090
kg/m3 for all organisms) in the Tufenkji and Elimelech 2004 trajectory model (n).
Estimation of the asCFT sticking coefficient (a) for each organism is then obtained
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by estimating the horizontal asymptote with respect to a  versus x, and example is 
depicted in Figure 3.6. Once the asCFT is accounted for, the phenomenological 
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Figure 3.6: Determining the sticking coefficient (a) from Newmarket NH RBF 
Aerobic Spore Forming Bacteria (ASFB) observations
Newmarket, NH RBF Aerobic Spore Forming 
Bacteria (ASFB) Observations Versus CFT
and pCFT EstimatesC/C„
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Figure 3.7: Newmarket, NH RBF Aerobic Spore Forming Bacteria (ASFB) 
observations versus pCFT and asCFT
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Newmarket, NH RBF Enterococci 
Observations Versus CFT and pCFT Estimates
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Figure 3.8: Newmarket, NH RBF Enterococci observations versus pCFT and
asCFT
The Newmarket RBF study suggests native ASFB follow CFT in removals with 
depth. Due to the sheer number of ASFB present in surface waters, these 
microorganisms could be a used as a cost-effective surrogate to estimate microbial 
contamination. The data also supports CFT, predicting more Enterococci will be 
removed than E. coli due to size. The data and pCFT depict Enterococci are 
effected just as E. coli by the interfacial phenomenon associated with the specific 
deposit. This supports the application of E. coli as a conservative surrogate to 
Enterococci. MS2 and ASFB removals are not as impacted by this interfacial 
phenomenon; yet while effects appear relatively equal, asCFT explains the MS2 
observations, whereas pCFT is required for ASFB.
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Newmarket, NH RBF MS2 Observations 
Versus CFT and pCFT Estimates
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Figure 3.9: Newmarket, NH RBF MS2 observations versus pCFT and asCFT
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Table 3 .1: Multiple organisms modeling parameters and accuracy of pCFT
















(kg/m3) a Ci c2
E. coli 1.00 1090 0.005 77500 9020 -0.11 0.89 138 1-75
ASFB 1.00 1090 0.003 15501 1803.9 0.06 0.22 19 0.49
Enterococci 0.50 1090 0.005 77500 9020 -0.37 0.09 8 -0.25
MS2 0.20 1090 0.0005 15501 1803.9 0.20 0.14 42 0.50
overall -0.05 0.65 207 1.75
log removal = -logi0(C/C0)
Negative log removal difference indicates false positive (conservative estimate), positive log removal difference
indicates false negative (over-estimating removal)
3.7 Conclusions
As outlined in the previous sections, this work supports classic colloidal filtration 
theory while simultaneously providing a simple approach to account for hyper­
exponential removals commonly witnessed as a phenomenon in packed bed reactors. 
Many variables remain within the pCFT, yet this work increases resolution and lays a 
foundation for modeling pathogen removals in slow-rate biofilters.
• The dominant transport mechanism for viruses (MS2 as surrogate) 
appears to follow first order, whereas Enterococci, E. coli, total coliforms, 
and ASFB removals are impacted by the interfacial phenomenon.
• Native ASFB are a valid indicator of microbial contamination for New 
England surface waters. Simultaneously, the data and pCFT support the 
application of E. coli and total coliforms as conservative surrogates to 
Enterococci.
• Further calibration is warranted within the colloidal parameters, shape 
factor and surface chemistry of media, as well as source water 
characteristics, and possibly temperature.
• The current state of the pCFT is slightly conservative by underestimating 
removal at an average of 0.11 log for E. coli. The largest false negative 
witnessed of the 138 steady state E. coli observations was an over-estimate 
of 1.75 log removal on a single observation from the Winthrop, Maine 
Narrows Pond data set. The model was calibrated with Durham, New 
Hampshire Lamprey and Oyster River waters and, as such, appears to be
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site specific and thus should be validated for public drinking water 
treatment with pilot scale experiments.
• The pCFT is a simple equation that can help provide safe potable water to 
impecunious regions around the world.
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CHAPTER IV
PATHOGEN MODEL SENSITIVITY AND APPLICATION TO EXPERIMENTAL
DESIGN
4.1 Variables of Interest in Phenomenological Colloidal Filtration Theory
Variables within the pCFT (Equations 3.6 and 3.7) were manipulated 
incrementally to elucidate sensitivity. In the following graphs, temperature (T, °C), 
surface area per volume (as), sphericity (T), hydraulic loading rate (HLR), cake 
coefficients (ci & c2), and particle diameter (dp) were fluctuated as other variables 
were held constant. The results depict that hydraulic loading rate and the cake 
coefficients appear to be the predominant variables in the phenomenological 
component of pCFT, where surface area per volume works to distinguish removal 
differences in the depth component. This implies HLR and cake coefficients are of 
particular importance to SSF design, whereas media characteristics are important in 
modeling removals in larger systems such as riverbank filters (RBFs) and artificial 
storage and recovery systems (ASRs).
uKlm l (3-6)
Depth Filtration Phenomenological Filtration
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K ~  -  [ct +  c2ln(HLR )] (3 .7 )
4.2 Temperature within pCFT
Depicted in Figure 4.1, temperature was fluctuated within Equation 3.6 in five 
degree increments ranging from 5 to 25°C.







Figure 4.1: pCFT sensitivity to temperature
Modeling parameters: as = 6500 m2/m 3, e  = 0.4, T = 0.84, HLR = 0.2 m/hr, Ci =
77507.11, c2 = 9019.55
The above graph depicts that temperature plays little role in the pCFT, yet
microbial activity is temperature dependent. If removals are correlated to biological
activity, then temperature should be accounted for within the phenomenological
component of pCFT. To further investigate this relationship, the following graph
depicts all calculated K values obtained from the pilot and bench scale studies
outlined in Appendix A & B. Looking at the below graph it is difficult to decipher a
relationship, although there does appear to be a slight trend. This faint trend implies
controlled experiments designed with temperature as a variable are warranted for
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future research. When looking at Figure 4.2 it almost appears that K and 
Temperature are orthogonal in practice, despite the suspected relationship. This 
orthogonality is apparent in the scatter like appearance of the data in question, 
suggesting the variables are not related.
pCFT
K
pCFT Rate Constant K as a 
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Figure 4.2: pCFT rate constant K as a function of temperature
The Winthrop, Maine pilot scale data set was isolated and reviewed in a similar 
manner. Below, Figure 4.3 depicts results of the Winthrop, Maine pCFT K estimates 
as a function of Temperature in °C. It is worth noting two observations were removed 
from Figure 4.3; the same two were the largest source of E. coli discrepancies in the 
pCFT. All in all, the Winthrop, Maine SSF data contains the most static of the pilot 
scale sets and should not be used for inference of any type.
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Figure 4.3: pCFT K of Winthrop ME SSF
4.3 Hydraulic Loading Rate within pCFT
Figure 4.4 below depicts pCFT predictions with respect to changes in hydraulic 
loading rate within the ranges of 0.1 to 0.5 m/hr.
pCFT Sensitivity to Hydraulic 
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Figure 4.4: pCFT sensitivity to hydraulic loading rate
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Modeling parameters: as = 6500 m2/m3, e  = 0.4, ¥  = 0.84, T = 15°C, Ci =
77507.11, c2 = 9019.55
Above shows that steady state assumptions within pCFT may not be valid at 
hydraulic loading rates >/= 0.5 m /hr as phenomenological removals appear to 
diminish. This suggests the phenomenological component of pCFT could be a 
function of water quality and quantity treated. Also noted is ~o.2 m /hr seems to be 
an optimal HLR, yet a filter could operate at 0.4 m /hr without a discernible removal 
difference from 0.1 m /hr according to pCFT. This finding brings the solution back to 
the engineer, yet provides leverage in design and analysis. For instance, an 
experimental design including a range of hydraulic loading rates to match or exceed 
peak demands and verify water quality can be maintained if the operators have to 
adjust the flow accordingly. Also, this enables a more thorough experimental 
analysis by providing a level of model calibration unachievable with only one HLR. 
Another depiction in Figure 4.4 is that HLR in this range does not appear to effect 
depth filtration. This suggests that for larger systems such as RBFs and ASRs, an 
exact estimate of the HLR or bulk fluid velocity may not be necessary and a range or 
approximation should suffice.
d.d Surface Area per Volume in pCFT
Figure 4.5 below depicts the effects surface area per volume has on pCFT 
predictions.
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pCFT Sensitivity to Surface 
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Figure 4.5: pCFT sensitivity to surface area per volume
Modeling parameters: T = 15°C, C = 0.4, 'F = 0.84, HLR = 0.2 m /hr, Ci =
77507.11, c2 = 9019.55
Above the surface area per volume is unaccounted for in the phenomenological 
component of pCFT yet plays a role in depth filtration. This indicates that for RBFs 
and ASRs the surface area per volume will impact removals and should be accounted 
for. And for systems such as SSF, where one meter is the total depth, experimental 
analysis of media characteristics should focus on hydraulic resistance and not 
necessarily removals.
4.5 Sphericity fTl in pCFT
Sphericity was manipulated within pCFT corresponding to an assumed range 
between 0.3 to one, as depicted in Figure 4.6 below, the closer T is to zero the more 
it impacts model predictions.
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Figure 4.6: pCFT sensitivity to sphericity 
Modeling parameters: as = 6500 m2/m3, T = 15°C, G = 0.4, HLR = 0.2 m /hr, Ci =
77507-11. c2 = 9019.55
Above, ¥  appears negligible and could be discarded if one is so inclined. Yet, T 
can impact porosity and surface area; as such it should not be completely neglected.
4.6 Cake Coefficients in pCFT
The pCFT cake coefficients (ci& C2) within the phenomenological component 
were fluctuated by + /-1 0  and 25% in accordance to estimate E. coli removals. The 
results below in Figure 4.7 depict that a SSF with a depth of one meter could expect 
to achieve 2 to 3 log removal of E. coli, which corresponds to the removals typical to 
these systems. (Barrett, Bryck, Collins, Janonis, & Logsdon, 1991)
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Figure 4.7: pCFT sensitivity to K
Modeling parameters for Figures (4.7-4.9): as = 6500 m2/m 3, T = 15°C, T = 0.84, 
G = 0.4, HLR = 0.2 m /hr, UNH E. coli refers to Ci = 77507.11, c2 = 9019.55
Above, the pCFT is particularly sensitive to K. This is likely attributed to the 
values of Ci and c2, and warrants further investigation as to what these coefficients 
represent. In order to understand the roles Ci and c2 play within the pCFT the 
following graph (Figures 4.8 and 4.9) depicts that Ci and c2are working against each 
other, yet c2 is the dominant driver in the phenomenological portion of the model. 
This is clearly portrayed where both K and c2 are directly proportional to removals.
53






D ep th , m
■ci + 5 %
■ci +1% 
•UNH E. coli 
•ci -1%
■ci -  5 %
Figure 4.8: pCFT sensitivity to the cake coefficient Ci
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Figure 4.9: pCFT sensitivity to the cake coefficient ca
4.7 Particle or Colloid Diameter in pCFT
To determine the impact of particle diameter on pCFT predictions it was 
manipulated from a range of 0.5 pm to 20 pm. Below in Figure 4.10, particles less 
than 5 pm removals are relatively indistinguishable from that of smaller particles
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with respect to the SSF operating conditions being modeled. This finding contradicts 
the pilot scale data and supports future research is warranted on microbial dynamics 
within the pCFT.
pCFT Removal Predictions as 
a Function o f Particle
Diam eter (dp, fim)
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Figure 4.10: pCFT removal predictions as a function of particle diameter 
Modeling parameters: as = 6500 m2/m 3, T = 15°C, T = 0.84, €  = 0.4, HLR = 0.2
m /hr, ci = 77507.11, c2 = 9019.55
4.8 Application to Experimental Design
pCFT is particularly sensitive to hydraulic loading rate and the current cake 
coefficients. In order to apply pCFT to experimental design, one should incorporate 
hydraulic loading rate to surround the expected operational range of a given system. 
Then by adding a margin to the cake coefficients (coefficients depend on the 
pathogen in question), a range of expected removals can be estimated for a given 
filter. For example, the following graph estimates that a one meter SSF operating 
with a hydraulic loading rate around 0.2 m /h will remove 2 to 3 log of E. coli.
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pCFT E. coli Removal 
Predictions for Hydraulic 
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Figure 4.11: pCFT predictions for E. coli removals for hydraulic loading rates from
0.15 to 0.25 m /hr
Modeling parameters: as = 6500 m2/m 3, T = 15°C, ¥  = 0.84, G = 0.4, Ci = 
77507.11 +/-10%, c2 = 9019-55 +/-10%
From these estimates, microbial challenges can be designed with a minimized 
dosing concentration. Due to the optimal range of 100 - 1000 MPN/100 ml for the 
IDEXX Quanit-tray method of E. coli detection, approximately 2 to 3 log more E. coli 
were challenged than the expected removals. The pCFT also enables dilution rate 
estimates for observations. While seemingly insignificant, sample dilution reduces 
resolution (see QA/QC of E. coli in Appendix K) and can consume hours of labor 




MODELING NATURAL ORGANIC MATTTER REMOVAL IN SLOW-RATE
BIOFILTERS
5.1 Summary
A simple expression was developed to predict Natural Organic Matter (NOM) 
removal in SRBFs. The efficacy of this model provides a ‘back of the envelope’ 
method to assess disinfection byproduct formation potential (DBPFPs) and, in 
conjunction with the pCFT, optimization of the disinfection system for conventional 
SRBFs. The two major NOM removal processes within SRBFs, adsorption and 
biodegradation reach steady state in a ripened filter. At which point, in mature 
SRBFs, NOM removal is governed by biological processes which are a function of 
biomass distribution. Similarities were observed between the NOM and pCFT 
models because both are based on first order reactions that are a function of biomass 
distribution in a SRBF. Overall this NOM model is an effective way to estimate 
removals within SRBFs.
5.2 Background
Slow-rate biofiltration is an effective drinking water treatment system capable of 
removing a variety of contaminants including pathogens and organic disinfection 
byproduct precursors (DBP) material or NOM.(Kuhn & Mueller, 2000); (Wang,
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Hubbs, & Song, 2002); (Tufenkji, Ryan, & Elimelech, 2002) Other researchers 
(Shark, Remmler, & Zullei-Seibert, 2006) evaluated the dissolved organic carbon 
(DOC) reduction capacity of 43 RBF sites, quantified by UV absorbance, and found 
that modeling the subsurface water DOC content, the hydraulic residence time, and 
aquifer transmissivity (thickness x hydraulic conductivity) were key variables for 
determining filtration processes. A separate RBF study summarized that overall DOC 
reductions/removals are primarily due to dilution, biodegradation and adsorption 
mechanisms, and are site specific as a function of physical characteristics, hydraulic 
residence time, and continuous versus intermittent operation. (Partinoudi, 2004)
Recent studies on NOM removals in slow sand filters also concluded that 
biological removals are the significant factor primarily effected by temperature and 
empty bed contact time (EBCT). (Page, 1997); (Metz, Pohlman, Vogt, & Summers, 
2006) A Monod-type biokinetic (first-order) expression has been successfully 
implemented to model NOM removals in rapid sand filters (RSF). The expression 
was calculated as the difference between the influent and effluent over the EBCT of 
the filters. (Huck, Shulin, & Price, 1994); (Wang J. Z., 1995) Campos et al., 2006, 
created and calibrated a comprehensive process model for SSF headloss as a 
function of filter run time and microbial dynamics but not for NOM or microbial 
removals. This model is useful for operation and maintenance but not for removal 
performance. (Campos, Smith, & Graham, 2006)
SRBFs physically strain particulate NOM, breakdown and remove BDOC by 
microbial metabolic processes within the pore space, and adsorb the difficult-to- 
degrade hydrophobic humic organics. (Huisman & Wood, 1974) As a filter matures,
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adsorption of NOM will reach breakthrough, at which point the aqueous humic 
fraction will no longer be removed and may be considered negligible in model 
applicability. BDOC is then the remaining NOM modeling parameter.
Redox reactions that occur in SRBFs are primarily the result of microbiological 
activity. (Kedziorek, Geoffriau, & Bourg, 2008); (Cosovic, Hrsak, Vojvodic, & 
Krznaric, 1996); (Lovely, 1991) The electron donor that allows these biogeochemical 
reactions to occur is natural organic matter (NOM). (Chapelle, 2001) (Berner, 1981) 
This supports Page’s conclusion that NOM removal in slow sand filters is a function 
of biological processes. (Page, 1997) Similar research conducted by Jack Wang in 
1995 verified that the degradation of BDOC in biofilters follows Monod Kinetics and 
first order kinetics. (Wang J. Z., 1995)
5.3 Methodology
Based on the BDOC fractions of the Lamprey and Merrimac Rivers, one could 
estimate that NOM removal due to biological consumption would level out at around 
20 to 25% for these waters, (see Appendix E details) In the spring of 2011 the NE- 
WTTAC tested this theory using pilot scale columns (Durham Pilot Scale ASR). The 
columns ran for a few months. During this time water was sampled from 
intermediate ports on the saturated column. Organics were measured from these 
samples from June to July. As depicted in Figure 5.1 the removal of DOC decreases 
with operation time. This is likely due to exhaustion of the adsorption sites, and one 
could assume DOC removal will reach steady state and accounting for adsorption is 
no longer necessary. The approaching 20-25% steady state removal of DOC and its 
correlation to UVabs@254nm in the ASR columns coincides with the available BDOC,
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and Collins et al. observed ‘similarities among the measurable parameters’ of DOC 
within New England SSFs. (Collins, Eighmy, Fenstermacher, & Spanos, 1992)
5.4 Estimating Viable Biomass and NOM Removals within SRBFs
There are multiple ways to measure biomass in soils. One proven method 
developed at Florida State University by White et al. in 1979 is to isolate and measure 
Phospholipids. (White, Davis, Nickels, & King, 1979) Phospholipids form cell 
membranes. They are composed of a hydrophilic head that has a phosphate group 
(P043 ) and a hydrophobic tail that is essentially fatty acids. Because of their 
chemical makeup, phosphate is nature’s battery and fatty acids are a high energy 
meal: they are rapidly recycled during metabolic processes and as such are an 
indicator of viable biomass. Figure 5.2 contains the NE-WTTAC observations of 
phospholipids (represented as nmol Phosphate/gram dry weight) of the Durham 
ASR study.
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Figure 5.1: Durham ASR C/Co DOC versus EBCT
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Figure 5.2: Biomass and NOM removal as a function of EBCT for Durham ASR
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Figure 5.3: Biomass consumption of DOC for Durham ASR
Figures 5.2 and 5.3 support both DOC as a modeling term and Wang’s conclusion 
that biomass is consuming the organics due to their correlation. The problem is that 
Figure 5.3 also depicts that about 1.5 mg/L of DOC is consumed with no biomass. In 
review of this statement, Professor Nancy Kinner suggests the unaccounted for 
removals may be a result of a thin layer of biofilm that is undetectable with the
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Phospholipid Extraction technique (see Appendix L). As such, the correlation of total 
DOC consumption to total biomass may only be used as scientific support. In order 
to model NOM removal, the distribution of biomass must be accounted for, and 
modeling parameters must be back calculated from NOM observations. Even with a 
representative NOM parameter (DOC in this case), the distribution of biomass 
within the filter must still be accounted for. And, further, the biomass changes with 
empty bed contact time (EBCT) of the filter.
In 1994 Huck et al. concluded that biological degradation of BOM (biological 
organic matter) in biofilters follows first-order by finding correlation in average 
removal rates with EBCT. (Huck, Shulin, & Price, 1994) Applying this concept, and 
assuming the biomass within a differential slice is constant with respect to EBCT, 
results in the following relationship depicted as Equation 5.1 and Figure 5.4.
r





Figure 5.4: Differential slice of filter 
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Then integrating biomass (X) over the entire filter residence time (x) brings Equation
5.1 through the control volume of the filter depicted in Figure 5.5 and represented as 
Equation 5.2.
EBCT,
Figure 5.5: Defining the control volume
r T ( 5 -2 )
Total Biomass = I X d(EBCT)
J e b c t 0
depth
EBCT =
hydraulic loading rate (HLR)
volume o f  water treated (length3) 
f ilte r  bed area (length2) -  time
E B C T o  is an observation point, as such should not be equal to zero.
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From the sticking coefficient (a) of phenomenological colloid filtration theory 
(pCFT), the biomass (X) and specific deposit (a) within a SRBF may be 
approximated as a power based function with an exponent of negative one, depicted 
with Equation 5.3, where c is subjective to observation as an unknown constant that 
is relative to the quantity of biomass within the pore space at E B C T o .
c
X c c a o c a - -  (5.3)
f r c
Total Biomass = I — —  d{EBCT) (5-4)
jEBC To E B C T
f T dEBCT _■»
Total Biomass = c I ■ t5*5J
JEBCTo E B C T
T
Total Biomass = c In -EBCT0
Substituting this back into the model brings it to:
(5-6)
(5-7)—  = exp  ik*clnEBCT0}
Q
Assuming c is constant for a given filter:
—  =  e x p ~ ('KlnEBCTo) ( 5 .8 )
Co
E B C T o  is a finite point where it is assumed that the concentration is still that of 
the bulk feed (C @ eb cto  ~  C 0) .  Setting E B C T o  to one second works as this depth or 
E B C T  was not observable in this study.
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hour 0.05m .
EBCT0 = 1 second = 1 second * — —----- — * — ■—  = 1.4 x 10 5m0 3600 seconds h
~ o.oi mm
For simplicity and in keeping with pCFT, the residence time is being modeled in 
seconds. Thus a simple expression that enables the prediction of NOM removals in 
SRBFs is depicted as Equation 5.9.
—  =  exp~(KlnT^ (5-9)
£0
t is the total EBCT in seconds 
K is unitless = ck 




K was calculated for the observations in Figure 5.1. The average maximum and 
minimum values were then plugged back into the model and superimposed on the 
observations resulting in Figure 5.6. From this graph, it becomes apparent this NOM 
model works by accounting for the boundary condition of C/Co -> 1 as EBCT -> o
In-
K  =  — Inr
Or:
K -  - lo g x
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and the distribution of biomass within SRBFs, and seems to describe the data rather 
well, given its simplicity.
Fraction o f DOC Rem aining in
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Figure 5.6: NOM model versus Durham ASR data
cj.fi Conclusions
Equation 5.9 is a simple expression capable of estimating NOM removals in slow- 
rate biofilters. While this SRBF NOM model should not be used as a standalone 
estimate, it can effectively predict removals when validated and calibrated with 
observations. This allows for forecasting of disinfection byproduct formation 
potential in downstream processes and subsequent unit process optimization.
• Biological degradation of natural organic matter follows first order kinetics 
in slow-rate biofiltration systems, and biomass within the filter follows a 
power-based trend with empty bed contact time.
6 6
• Acknowledgement of this relationship, depicted as Equation 5.9, 
eliminates the input requirement of biomass in estimating biological 
degradation in SRBFs.
• Biomass cannot be a SRBF model input, as observations take days to 
obtain and are destructively sampled.
• Equation 5.9 enables actual NOM removal predictions for SRBFs without 
requiring biomass observations.
• The NOM model K value obtained from the Durham ASR study was found 
to be approximately 0.02, this coincides with the available BDOC in the 
feed waters.
• Future research is warranted on temperature and the possible interaction 




Barcelonal, M., & Holm, R. (1991). Oxidation-reduction capacities in aquifer solids. 
E n v i r o n m e n t a l  S c i e n c e  &  T e c h n o l o g y ,  1565-1572.
Barrett, J. M., Bryck, J., Collins, M. R., Janonis, B. A., & Logsdon, G. S. (1991). M a n u a l  o f  
D e s i g n  f o r  S l o w  S a n d  F i l t r a t i o n .  Denver: Am erican W ater W orks Association.
Benjamin, M. (2002). W a t e r  C h e m i s t r y .  New York: M cGraw-Hill.
Berner, R. (1981). A new geochem ical classification for sedim entary environm ents. J o u r n a l  
o f  S e d i m e n t a r y  R e s e a r c h ,  51,359-365.
Campos, L. C. (2002). M o d e l l i n g  a n d  s i m u l a t i o n  o f  t h e  b i o l o g i c a l  a n d  p h y s i c a l  p r o c e s s e s v  o f  
s l o w  s a n d f i l t r a t i o n .  London: Imperial College o f  Science.
Campos, L., Smith, S., & Graham, N. (2006). Determ inistic-Based M odel o f  Slow Sand 
Filtration. I:M odel Development. Journal o f  Environm ental Engineering, 872-886.
Chapelle, F. (2001). G r o u n d - w a t e r  m i c r o b i o l o g y  a n d  g e o c h e m i s t r y .  N ew  York: John W iley 
& Sons, Inc.
Chellam , S., & Xu, W. (2006). Blocking laws analysis o f  dead-end constant flux 
m icrofiltration o f  com pressible cakes. J o u r n a l  o f  C o l l o i d  a n d  I n t e r f a c e  S c i e n c e ,  248- 
257.
Cogan, N., & Chellam , S. (2009). Incorporating pore blocking, cake filtration, and EPS 
production in a model for constant pressure bacterial fouling during dead-end 
m icrofiltration. J o u r n a l  o f  M e m b r a n e  S c i e n c e ,  89-81.
Collins, M. R., Eighmy, T. T., Fenstermacher, J. M., & Spanos, S. K. (1992). Rem oving 
Natural Organic M atter by Conventional Slow Sand Filtration. J o u r n a l  o f  A W W A ,  80- 
90.
Cosovic, B., Hrsak, D., Vojvodic, V., & Krznaric, D. (1996). Transform ation o f  organic 
m atter and bank filtration from a polluted stream. W a t e r  R e s e a r c h ,  30,2921-2928.
Darby, J., & Lawler, D. (1990). Ripening in Depth Filtration: Effect o f  Particle Size on 
Removal and Head Loss. E n v i r o n m e n t a l  S c i e n c e  a n d  T e c h n o l o g y ,  1069-1079.
Elimelech, M ., & O 'M elia, C. (1990). K inetics o f  desposition o f  colloidal particles in porous 
media. E n v i r o n m e n t a l  S c i e n c e  &  T e c h n o l o g y ,  1528-1536.
68
Ellis, K., & Aydin, M. (1995). Penetration o f  Solids and Biological Activity into Slow Sand 
Filters. W a t e r  R e s o u r c e s ,  1333-1341.
EPA, US. (2007). N a t i o n a l  P r i m a r y  D r i n k i n g  W a t e r  R e g u l a t i o n s  L T 2 E S W T R .  W ashington 
DC: US EPA.
EPA, US. (2011, Decem ber 16). S c i e n c e  M a t t e r s .  Retrieved from EPA: 
http://www.epa.gov/sciencematters/decem ber2011 /nom.htm
EPA, US. (2013, February 11). U n i t e d  S t a t e s  E n v i r o n m e n t a l  P r o t e c t i o n  A g e n c y .  Retrieved 
from water.epa.gov: http://water.epa.gov/lawsregs/rulesregs/sdwa/lt2/regulations.cfm
Fitzpatrick, J., & Spielman, L. (1973). Filtration o f  aqueous latex suspensions through beds 
o f  glass spheres. J o u r n a l  o f  C o l l o i d  &  I n t e r f a c e  S c i e n c e ,  350-369.
Happel, J. (1958). Viscous flow in multiparticle systems: Slow m otion o f  fluids relative to 
beds o f  spherical particles. A m e r i c a n  I n s t i t u t e  o f  C h e m i c a l  E n g i n e e r i n g ,  197-201.
Harter, T., W agner, S., & Atwill, E. (2000). Colloid transport and filtration o f  
Cryptosporidium  parvum in sandy soils and aquifer sediments. E n v i r o n m e n t a l  
S c i e n c e  &  T e c h n o l o g y ,  34 ,62-70.
Hinjen, W., Brouwer-Hanzens, A., Charles, K., & Medema, G. (2005). Transport o f MS2 
Phage, Escherichia coli, Clostridium  perffingens, Cryptosporidium  parvum , and 
G iardia intestinalis in a gravel and sand soil. E n v i r o n m e n t a l  S c i e n c e  &  T e c h n o l o g y ,  
7860-7868.
Huck, P., Shulin, Z., & Price, M. (1994). BOM  removal during biological treatment: a  first- 
order model. J o u r n a l  o f  A  W W A ,  61-71.
Huisman, L., & van Haaren, F. (1967). Treatment o f  water before infiltration and modication 
o f  its quality during its passage underground. I n t e r n a t i o n a l  W a t e r  S u p p l y  A s s o c i a t i o n ,  
vol. I, p. G l.
Huisman, L., & W ood, W. (1974). S l o w  s a n d f i l t r a t i o n .  Geneva: W orld Health Organization.
Iwasaki, T. (1937). Some notes on sand filtration. J o u r n a l  o f  A m e r i c a n  W a t e r  W o r k s  
A s s o c i a t i o n ,  1591-1602.
Johnson, P., Sun, N., & Elimelech, M. (1996). Colloid transport in geochem ically 
heterogeneous porous media: M odeling and measurem ents. E n v i r o n m e n t a l  S c i e n c e  &  
T e c h n o l o g y ,  3284-3293.
Kedziorek, M ., & Bourg, A. (2009). Electron trapping capacity o f  dissolved oxygen and 
nitrate to evaluate M n and Fe reductive dissolution in alluvial aquifers during 
riverbank filtration. J o u r n a l  o f  H y d r o l o g y ,  74-78.
69
Kedziorek, M., Geoffriau, S., & Bourg, A. (2008). Organic m atter and m odeling redox 
reactions during riverbank filtration in an alluvial aquifer o f  the Lot River, France. 
E n v i r o n m e n t a l  S c i e n c e  a n d  T e c h n o l o g y , 42, 2793-2798.
Ko, C., & Elimelech, M. (2000). The "Shadow effect" in colloid transport and deposition 
dynamics in granular porous media: M easurements and mechanisms. E n v i r o n m e n t a l  
S c i e n c e  &  T e c h n o l o g y ,  3681-3689.
Kohfahl, C., M assmann, G., & Pekdeger, A. (2009). Sources o f  oxygen flux in groundwater 
during induced bank filtration. H y d r o g e o l o g y  J o u r n a l ,  571-578.
Kuhn, W ., & M ueller, U. (2000). Riverbank filtration: an overview. J o u r n a l  o f  A W W A ,  12: 
60-69.
Lawler, D., & N ason, J. (2006). Granular m edia filtration: Old process, new  thoughts. W a t e r  
S c i e n c e  &  T e c h n o l o g y ,  1-7.
Liu, D., Johnson, P., & Elimelech, M. (1995). Colloid deposition dynamics in flow through 
porous media: Role o f  electrolyte concentration. E n v i r o n m e n t a l  S c i e n c e  &  
T e c h n o l o g y ,  2963-2973.
Logan, B. E. (1999). E n v i r o n m e n t a l  T r a n s p o r t  P r o c e s s e s .  N ew  York: John W iley & Sons, 
Inc.
Logan, B., Jewett, D., Arnold, R. G., Bouwer, E., & O 'M elia, C. (1995). Clarification o f 
clean-bed filtration models. J o u r n a l  o f  E n v i r o n m e n t a l  E n g i n e e r i n g ,  869-873.
Lovely, D. R. (1991). Dissim ilatory Fe(III) and M n(IV) reduction sequences in groundwater 
flow systems. M i c r o b i o l o g y &  M o l e c u l a r  B i o l o g y  R e v i e w s ,  259-287.
Lutterodt, G., Basnet, M., Foppen, J., & S., U. (2009). The effect o f  surface characteristics on 
the transport o f  m ultiple Escherichia coli isolates in large scale colum ns o f  quartz 
sand. W a t e r  R e s e a r c h ,  595-604.
M etclaf & Eddy, I. (2003). W a s t e w a t e r  E n g i n e e r i n g  T r e a t m e n t  a n d  R e u s e  4 t h  e d i t i o n .  N ew  
York: M cGraw-Hill.
M etz, D. H., Pohlman, R., Vogt, J., & Summers, R. (2006). Removal o f  MIB and geosmin by 
full-scale biological sand filters. In Editors, R. Gimbel, N. Graham, & M. Collins, 
R e c e n t  P r o g r e s s  i n  S l o w  S a n d  a n d  A l t e r n a t i v e  B i o f i l t r a t i o n  P r o c e s s e s  (pp. 352-358). 
London: IW A Publishing.
M ondal, S., & De, S. (2009). Generalized criteria for identification o f  fouling m echanism  
under steady state m em brane filtration. J o u r n a l  o f  M e m b r a n e  S c i e n c e ,  6-13.
M ontgom ery W atson Harza. (2005). W a t e r  T r e a t m e n t  P r i n c i p l e s  a n d  D e s i g n  2 nd E d .  
Hoboken: John W iley & Sons, Inc.
70
O'M elia, C., & Tobiason, J. (1988). Physicochem ical aspects o f  particle removal and depth 
filtration. J o u r n a l  q / A W W A ,  54-64.
Page, T. G. (1997). G A C  S a n d w i c h  M o d i f i c a t i o n  t o  S l o w  S a n d  F i l t r a t i o n  f o r  E n h a n c e d  
R e m o v a l  o f  N a t u r a l  O r g a n i c  M a t t e r  ( M S  T h e s i s ) .  Durham: University o f  New 
Hampshire.
Partinoudi, V. (2004). R i v e r b a n k  f i l t r a t i o n  a s  a  v i a b l e  p r e t r e a t m e n t  a n d  t r e a t m e n t  m e t h o d  
( T H E S I S ) .  Durham: University o f  N ew  Hampshire.
Partinoudi, V., & Collins, M. (2007). Assessing RBF reduction/removal m echanism s for 
microbial and organic DBP precursors. J o u r n a l  o f  A W W A ,  61-71.
Partinoudi, V., Collins, M ., Dwyer, P., & M artin-Doole, M. (2006). A s s e s s i n g  t e m p e r a t u r e  
i n f l u e n c e s  o n  s l o w  s a n d  f i l t r a t i o n  t r e a t m e n t  p e r f o r m a n c e .  Retrieved from unh.edu: 
http://www.unh.edu/erg/w ttac/Project_Sum m aries/assessing_tem perature_slow_sand. 
p d f
Petrunic, B., M acQuarrie, K., & Al, T. (2005). Reductive dissolution o f  M n oxides in river- 
recharge aquifers: a  laboratory column study. J o u r n a l  o f  H y d r o l o g y ,  163-181.
Putnam, D., & Bum s, M. (1997). Predicting the filtration o f  noncoagulating particles in depth 
filters. Chemical Engineering Science, 93-105.
Rajagopalan, R., & Tien, C. (1976). Trajectory analyssi o f  deep-bed filtration with the 
sphere-in-cell porous m edia model. A m e r i c a n  I n s t i t u t e  o f  C h e m i c a l  E n g i n e e r s ,  523- 
533.
Ray, C., Grischek, T., Schubert, J., W ang, J., & Speth, T. (2002). A perspective o f  riverbank 
filtration. J o u r n a l  o f  A  W W A ,  94(4) 149-160.
Ray, C., M elin, G., & Linsky, R. (2002). R i v e r b a n k  F i l t r a t i o n ;  I m p r o v i n g  s o u r c e  w a t e r  
q u a l i t y .  Dordrecht: K luwer Academic Publishers.
Schwartz, F., & Zhang, H. (2003). F u n d a m e n t a l s  o f  G r o u n d w a t e r .  Hoboken: John W iley & 
Sons, Inc.
Shark, C., Remmler, F., & Zullei-Seibert, N. (2006). Classification o f  riverbank filtration 
sites removal capacity. In Editors, R. Gimbel, N. Graham, & M. Collins, R e c e n t  
p r o g r e s s  i n  s l o w  s a n d  a n d  a l o e r n a t i v e  b i o f i l t r a t i o n  p r o c e s s e s  (pp. 530-538). London: 
IWA Publishing.
Tufenkji, N ., & Elimelech, M. (2004). Correlation equation for predicting single-collector 
efficiency in physicochemical filtration in saturated porous media. E n v i r o n m e n t a l  
S c i e n c e  &  T e c h n o l o g y ,  529-536.
Tufenkji, N ., Ryan, J., & Elimelech, M. (2002). The promise o f  bank filtration. 
E n v i r o n m e n t a l  S c i e n c e  &  T e c h n o l o g y ,  36(21) 423A-428A.
71
Unger, M. (2006). T h e  r o l e  o f  t h e  s c h m u t z d e c k e  i n  E .  c o l i  r e m o v a l  i n  s l o w  s a n d  a n d  
r i v e r b a n k  f i l t r a t i o n  ( M S  T H E S I S ) .  Durham: University o f  N ew  Hampshire.
W ang, J. Z. (1995). A s s e s s m e n t  o f  B i o d e g r a d a t i o n  a n d  B i o d e g r a d a t i o n  K i n e t i c s  o f  N a t u r a l  
O r g a n i c  M a t t e r  i n  D r i n k i n g  W a t e r  B i o f i l t e r s  ( P h D  D i s s e r t a t i o n ) .  Cincinnati: 
University o f  Cincinnati.
W ang, J., Hubbs, S., & Song, R. (2002). Evaluation o f  riverbank filtration as a  drinking water 
treatm ent process. J o u r n a l  o f  A W W A .
W eiss, W. J., Bouwer, E. J., Aboytes, R., LeChevallier, M., O 'M elia, C. L., & Schwab, K. 
(2005). Riverbank filtration fro control o f  microorganisms: Results from field 
m onitoring. W a t e r  R e s e a r c h ,  1990-2001.
W hite, D., Davis, W ., Nickels, J., & King, J. B. (1979). Determ ination o f  the Sedimentary 
M icrobial Biomass by Extractible Lipid Phosphate. 4 0 (  1).
W inter, T., Harvey, J., Franke, O., & Alley, W. (1999). G r o u n d  w a t e r  a n d  s u r f a c e  w a t e r :  A  
s i n g l e  s o u r c e .  Denver: U.S. Geological Survey.
Xu, W., Chellam, S., & Clifford, D. (2004). Indirect evidence for deposit rearrangement 
during dead-end m icrofiltration o f  iron coagulated suspensions. J o u r n a l  o f  M e m b r a n e  
S c i e n c e ,  243-254 .
Yao, K., Habibian, M ., & O 'M elia, C. (1971). W ater and W aste W ater Filtration: Concepts 





DERIVATION OF TH E PATHOGEN MODEL
As with other environmental solutions, the first step is to start with a mass 
balance in a control volume (V). The following solution is for a saturated packed bed 
reactor. Special recognition is deserved of Prof. Anne Lightbody for helping me 
through much of this derivation.
Mass flux density in x direction («/*) at some point where:
M M
Jx ~  ^  ~  ~  iadvectlon 4" J  diffusion
Fick’s
uC -  D dx
u (average fluid velocity in x direction) 
6  = media porosity 
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"Assuming no interactions within sand grains (e.g. ‘solid’ media)
Mass balance on control volume:
In -  Out + Generation -  Accumulation
The mass in (M m ) is governed by the advective and diffusive flux times the cross 
sectional area i£6y8z) evaluated at the initial boundary condition (x0).
Min = e S y S z ( u C - D ^ )  | Xo
The mass out (Mout) is governed by the advective and diffusive flux times the cross 
sectional area (ESySz) evaluated at the second boundary condition (x+8x).
dC
Mout = eS yS z(u C -D — ) x0 + 8x
The generation of a substance is determined by the governing reaction kinetics rate
law throughout the control volume.
reaction kinetics rate law x volume = rV
Denoting the generation term as the reaction kinetics rate law (r) times the control 
volume (V) the mass balance equation becomes:
dC
€SySz(uC — D — )
dC
— £SySz(uC — D — )
dM
~  + rV — —  x0 + 8x ^  dt
ESySz uC\ - u C  | + D-
dC dC
xn +Sx D dx
dM
+ rV = l t
At this point a linear Taylor series expansion is applied to the formula. 
The general form of a linear Taylor series:
f ( x 0 + 8x) = f i x )  +
dj_
dx 5x + HOTs
HOTs are higher order terms and are neglected for this ADE derivation.
n  r i a.uC'x,, + Sx = '‘c \Xo+ — 8 x
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Crossing out terms:
ESySz [uC|x^ u C \ y / —a(uc)|
6 SySz
d x  \ X ,
d(uC)
«* +DE ^ +£(D£>L&-D$ J +r,,
dx
d dC dM
x0 Sx * d x ^ DJ x ) X  f i x**•O + rV = ~dt
Terms evaluated at Xo remain as written: 
d dC.ex x \esy s z [ ~ —
 I 





d(uC) d dC 
—— - + — (D— ) dx d x K dxJ \ + rV =
dM_
dt
The mass of a substance is equal to the concentration (C) times the volume:
Mass = CV
The volume is constant in incompressible fluid:
0
d(CV) _  dC_ dV, 
dt ^  d t *  ^  jfit
The control volume (V) = 6Sx8ySz
d(uC) d dC dC




■—— -  + —  (D— ) dx d x y dx} +  rESxJy/sz =  ^  ESx^ySz
d(uC) d dC dC
dx + dx^D dx) +V ~ ~dt
If D is homogenous (spatially constant) then:
d_( dC \_dD _dQ ^ d^£ 
dx \  dx) dx/dx + ^  dx2
d(uC) d2C dC 
dx + ^  dx2 + r  dt
Because u is defined as the average velocity of the fluid remains constant within the 
C.V., which does not vary within the CV. u can be pulled out of the differential 
equation, creating the advection diffusion equation (ADE).
duC dC 
dx U dx +j
dC d2C dC 




Transport due to Transport due to Fate due to reaction 
advection diffusion kinetics
Now that the ADE has been derived, it is time to learn how it applies to the real 
world. This is accomplished by non-dimensionalizing the ADE.
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x is the dimension we will pull out of the equation. We will non-dimensionalize x by 
dividing by a characteristic length in the x direction L (C.V. or reactor length) to form 
a new non-dimensionalized variable, x.
x
i  = L
Rearranging and solving for x: 
x -  Lx
Substituting this into the ADE equation yields:
dC d2C dC
—u  (- D    + r  = —d(Lx) d(Lx)2 dt
The characteristic length is constant so it can be pulled out of the differential
equation:
udC D d 2C dC 
+ F d F  + r  ~ at
Looking carefully at the units within the equation, velocity divided by length is in the 
form of inverse time. The right side of the equation has units of inverse time. In 
keeping with unit cancelation this term can be brought over to the right side of the 
equation.
u dC L D d2C L _dC  
L dx + uL2 dx2 + u r] dt
_ d £  L D d2C L _ d £ L  
dx + uL2dx2 + u r d tu
Now the coefficient of the diffusion term brings us to the unitless Peclet number 
(Pe).
The numerator is the rate of advective transport and the denominator is the rate 
of diffusive transport. Hence, the larger Pe becomes the closer a reactor approaches 
plug flow. Note that the numerator is also the diffusive mass transfer timescale (id) 
and the denominator is also the advective mass transfer timescale (td).The 
coefficient in front of the diffusion term in the ADE is then the inverse of the Peclet 
number also referred to as the dispersion or diffusion number (D).
_dC_ 1 d2C L _dC_L
dx Pe dx2 u d tu
As the Peclet number increases the diffusion term decreases in importance and 
vice a versa. This means that for a Pe>>i the transport of a substance is primarily 
dominated by advection and may be modeled as a plug flow reactor (PFR). For a 
Pe<<i the transport of a substance is dominated by diffusion (or dispersion) and can 
be modeled as a Completely Mixed Flow Reactors (CMFR). Anything in between can 
be modeled as a Plug Flow Reactor with Dispersion (PFD), requiring the entire ADE, 
or alternative methods such as tanks in series (TIS). (Montgomery Watson Harza, 
2005) The next step is to simplify the non-dimensionalized ADE by acknowledging 
that L/u is the retention time of the control volume (x).
L V 
u ~ T ~ Q
The final form of the non-dimensionalized ADE is:
dC 1 d2C dC
— —  + „ .  + r r  = r —dx Pe dx2 dt
79
Determination of the Peclet Number bv Utilizing a Tracer Study
A Rhodamine tracer study was conducted 4/16/08 to 4/21/08 by Kellen Sawyer 
and Vasiliki Partinoudi on the Manchester, NH riverbank filter. The results of the 
tracer analysis indicate dispersivity may be neglected. Below is a graph of the data.
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The tracer analysis begins by normalizing the data as described in section 6-6 
Using tracers to characterize flow  through nonideal reactors, MWH water 
treatment 2nd edition. The following graph is the normalized exit age distribution 
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Exit age distribution o f 
M anchester NH RBF
• • • • • Exit age
distribution E(0)
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Iterating equations 6-104 and 6-108 the Peclet and number of tanks in series can 
be honed in on by least squares regression. Below is the graphical result of this
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method. This method normalizes the mass and not the peak, even still a Peclet of 31 
equates to a dispersivity of 0.03 and or modeling as 14 completely mixed flow 
reactors (CMFR) in series.
Dispersed flow (DFM) vs tanks in series (TIS) 
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N orm alized  tim e, 0
Peak concentration and curve shape should be more important in this analysis, as 
this is more representative of dispersivity effects than mass transport. By matching 
the peak normalized distribution a Peclet number of 111 and 54 tanks in series (TIS) 
were estimated.
Dispersed flow (DFM) vs tanks in series (TIS) 
model for Manchester RBF
^ 3-5
OX -3 AW 3 1
A A  « " » E x i t  age distribution E(0)32.5 - 
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N orm alized  tim e , 0
Pe ~ 111 
3) = i/Pe ~ 0.009
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Either tracer method, the low dispersion number indicates advection is the dominant 
transport mechanism and the system can be modeled as a plug flow reactor. If one 
were so inclined, dispersivity can be accounted for, however within the TE trajectory 
model Dr. Tufenkji has accounted for this mechanism. This brings us back to the 
non-dimensional ADE equation.
But this is the non-dimensional form, for efficacy we can eliminate the dispersion 
term in the dimensional form to move on.
Noting the hydraulic loading rate is essentially the same as the average fluid velocity 
in a fluid stream that is not interacting with a particular sand grain and time t = t  




+ Tr = T~dt
dC dC 
u —  + r  = —
dC dC 
u - — hr  = —dx
dC dC
T  =  —  +  U  —
X
x  —  —  u
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Because velocity is constant it may be removed from the differential element:
dC dC
r = u ------- 1- u —d(x) dx
dC
r  = 2u —  ox
Assuming first order:
dC
T = ~ kcdx
*k is negative in the reaction because the concentration is decreasing with depth
r  = —2ukC
dC dC
-11-------2 ukC = —dx dx
dC
ukC -  2ukC = —  dx
dC




—  = —ukdxL
Acknowledging PFR:
x
x = — u
dC—  = —ukd(x/ u)
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Assuming no change in the bulk fluid velocity and/or hydraulic loading rate (again):
9C 1 M—  = — u — koxC u
dC M- = - k d x
This is a familiar site, the 1937 Iwasaki equation: 
dC
T = - M x
Solving this function goes as follows: 
f c dC f L
I T  = j  ~ xdxJcQ l  Jo 
InC -  lnC0 = -XL 
C
In — = —XL
Co
C  - X L— = exp A 
Co
In 1937, Tomihisa Iwasaki proposed a method to account for deposited 
substances (specific deposit) that effect the filtration efficiency. He defined the 
impediment modulus (X) with the following relationship:
X = X0 + kct
mass
a = specific deposit per bed volume in units of-  ,volume
k = rate constant e f f ect  o f  specific deposit with units o f  am m eters ' 1
Acknowledging that multiple substances effect filtration efficiency and assuming the 
variables are additive, a generic form of the impediment modulus can be defined as:
The initial impediment modulus is constant with respect to depth.
'CdC rL r l  rLp  d  p  p  p
I —  = A0L + |  k & d L + l  k2o2 dL + -  + I knan
JCr. ^ JU Jl„
dL
Assuming a steady state condition where further accumulation of the specific deposit 
has little impact on pathogen removals and the specific deposit is a function of 





u  = b u lk  f l u i d  v e lo c i t y  in  u n i t s  o f
second
r-c d c  r TU r TU r TU
I —  = A0L + I k d x u  + I k2o2 dru H \- I knan d m
• 'C o  • 'T  0u r0u T 0 U
Assuming the bulk fluid velocity is constant (again).
p a c  p  p  p
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ka = specific deposit constant
Selecting biomass (Bio), NOM, equivalences of calcium (Ca), iron (Fe), aluminum 
(Al), and observable trace elements (Tr), and clay/silt (CS) deposits as modeling 
parameters, this SRBF PhenMod may be expressed as:
f c dC [ p  p
J ~  — A<)^  + u |J  kBioaBio dx + J kNOM&NOM dx
+ I kca^ca d m  + I kFecrFe dxu  + I kAiaAtdxu + I kTraTrdxu
• 'T o  • 'T o  • 'T o  • 'T o
I k c s ^ c s 1Jt*
+ J krcCTrc dx\
At this point it is worth noting the cations and anions measured in this work are 
biologically available. And that cation exchange capacity (CEC) is commonly used as 
a reference for soil health. This term is the sum of the acidity and biologically 
available calcium, magnesium and potassium. If one were to model with it, simply 
pull those terms out of the above equation and substitute CEC into the equation. 
That stated, it really should not be used as a modeling term as it is a function of pH, 
and pH and ionic strength lie within the sticking coefficient. Also modeling with CEC 
can confound statistical analysis as it is a function of pH and biologically available 
cations. To obtain the CEC an ICP is required, at that point acquiring additional 
elements is relatively uncomplicated. One should stick to individual elements when 
possible, but lumping the cations and anions into one variable of the specific deposit 
may be required as these types of experiments are inherently complex.
Going back to the generic form and assuming the specific deposit follows a power- 
based trend with respect to residence time. (e.g. the sticking coefficient regression)
r C  a r  r X  f. r X  1* r X  b
f  —  = A.0L + u l  kt —  dx + u [  k2—  dx + — + u I kn—  dx
JC0 C J  T0 T J  To T  Jxo T
Acknowledging that a constant times a constant is a constant. 
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Assuming the rate constant is constant with respect to residence time. 
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Designating x0 to be one second (other solutions to the ADE require this initial 
condition), at a HLR of 0.5 m /hr this equates to a depth of about 0.14 mm.
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A little cleanup:
asrja
lnC0 -  InC = L + uKatlnx + uKajInx + ••• + uKaJn x  
a.na
lnC0 -  InC = + Kff2 + — + Kan)lnr
A  constant plus a constant is a constant. 
asna
ItiCq — InC =   L + uKlm
-lnC0 + InC = — —  L + uKlnx 
asna
InC -  lnC0 = — —  L + uKlnx
In
C [asTia i= — | — -  L + uKlnx J
—  =  e x p ~ \ ^ + u K ln z \
QED
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Mass Balance Estimation of the Specific Deposit
Performing a mass balance to determine the specific deposit may begin with the 
Peclet number (Pe) as defined by Levich in 1962 and applying the Stokes-Einstein 
equation for particulate diffusivity in saturated porous media. (Logan B. E., 1999) A 
Peclet number of one implies that advection and diffusion are of relatively equal 
significance in transport, for a Pe<<i diffusion governs transport and where Pe>>i 
advection dominates transport.
According to Levich:
The Stokes-Einstein equation estimating particle diffusivity (Dp):
D” 3/r/idp 
T h e n  th e  P ec le t n u m b e r  beco m es:
3nndpdcv 
6 ~ kbT
Rearranging the above equation and solving for a diameter of particle where 




Pe = 10 
kb = 1.381 x 10~23J/K  
T = 273 -+ 303°K 
dc = das = 0.53mm = 5.3 x 10_4m 
v = 0.1 -> 0.2 m/ h = 2.778 x 10-5 -> 5.556 x 10- 5m/ s
fi = 1.79 x 10~3 -» 7.97 x 10"4 N ' s/ m2 n >mc
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For the range of operating conditions of a typical SRBF, the diameter of a particle 
within the fluid stream where diffusion may be ignored is about 0.8 to 4 angstroms. 
This means that the particles within the fluid stream must be of molecular size 
before diffusion needs to be considered in the transport. For a Pe of one (e.g. where 
diffusion must be accounted for in transport), the diameter of the particle is around 
0.008 to 0.4 angstroms. The analysis of the Peclet number with respect to the 
operating conditions of typical SRBFs depicts that for particles greater than 0.8 
angstroms diffusion may be neglected in transport. This essentially means that 
particulate (e.g. > 0.45pm) transport within the filter may be modeled ignoring 
diffusion. As such, the solution to virus transport may require dispersion to be 
accounted for.
This research does assess viruses and molecules such as cations, metal oxides, 
and dissolved organics and as such it could be argued that dispersion must be 
considered in this one dimensional transport problem. This argument is valid, but 
for the experiments it may be considered negligible due to the influent water being of 
higher concentration than the effluent (i.e. C0>Cefr), and as such transport due to 
dispersion follows advection. Thus by measuring the influent and effluent 
concentrations of the suspected variables the mass balance approach to estimate the 
specific deposit (a) within a filter may neglect transport of substances in the 
opposing direction of flow due to dispersion.
Mass balance on a differential slice of the filter:
Depth to observation (L)
In — Out + Generation = Accumulation
Assuming mass is not accumulated within the sand grains then the accumulation 
and the reaction terms are limited to the void space (Vv = 6Vf) within the filter.
Mass accumulated = EVfat
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M a ss  in  =  M0 =  J  C0 Q d t
Mass out = Mx = J  Ct Qdt 
Generation = 6 Vf r
£Vf at = J  C0 Qdt ~ J  Ci Qdt + £Vf r
Where:
at = specific deposit at time t (same units as C) 
= volume o f  the f il ter  (Length3) 
Volume
Q = flow rate ( )time 
mass
C = concentration (——,----- )Volume
t = time 
r = reaction rate law 
u = bulk flu id  velocity in the + z direction 
6 = porosity
It is important to note this mass balance assumes that the deposited substances and 
reactions are evenly distributed throughout each differential slice of filter. Assuming 
the flow through the control volume is constant with respect to time:
evf at = Q j  C0 d t - Q  f  Ct d t +  €Vf r  
evf at -  evf r  =  Q ( J  C0 dt — j  Ct dt)
evr r r
—  (at -  r) = j  C0d t -  J dt
Vf
= residence time (r)or empty bed contact time (EBCT)
t6  (at -  r) = J  C0d t -  J  Cx
f  C0 dt -  /  Cx dt
dt




residence time EBCT r
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fa “ r)= §(/ c°dt ” /  C1
Then the specific deposit at time t is:
If the feed concentration is constant then:
Or, one could express the specific deposit within a slice of filter as a function of the
average feed concentration:
Performing the mass balances on the filters in conjunction with direct observations 
enables estimation of the specific deposit’s effects on E. coli transport with respect to 
EBCT. From this assessment the phenomenological filtration rate constants can be 
developed where each will be in units of a 1.
Addressing Phenomenological Flux Models
Phenomenological flux filtration models (also known as blocking filtration or flux 
decline laws) are used to assess the fouling mechanisms of membrane filtration 
systems. These models have been developed to optimize the amount of water a 
membrane can treat by providing the researcher an understanding of what 
mechanism is clogging, fouling, or scaling the membrane. These Darcian flux 
filtration laws foundation is granular media which are typically summed up into four 
distinct groups. There is flux decline due to pore sealing also referred to as standard 
blocking; this is where the particles deposit on the inner pore wall because they are 
smaller than the pores. The assumption with this law is that the pore volume 
decreases proportionally to that of the amount of particles deposited in the pores. 
Another flux model is pore blocking or complete blocking; this is where the particles 
are the same size or larger than the pores and as such block the pores. The 
assumption with this model is that the particles form a monolayer and the flux
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approaches zero when the entire membrane surface area has been covered. The next 
model is referred to as intermediate blocking filtration. This model eases the 
complete blocking theory by allowing particles to land on one another. The caveat to 
this theory is that each particle in the fluid stream must have an equal probability of 
landing on the membrane surface as it does a pre-deposited particle. Then there is 
the theory of cake filtration. Broadly speaking from a traditional definition, cake 
filtration occurs when deposited material within a filter removes substances from the 
fluid stream. In membrane filtration it is interpreted as a further extension of the 
intermediate blocking law where the particles may only be removed from the pre­
deposited particles. (Xu, Chellam, & Clifford, 2004) (Chellam & Xu, 2006) (Cogan & 
Chellam, 2009) (Mondal & De, 2009)
It is likely that all of these blocking filtration laws (except complete blocking 
filtration due to surface irregularities allowing flux to continue beyond blocking of 
the pores) are simultaneously occurring within a slow-rate biofilter. As such, it would 
be difficult and tedious to distinguish what membrane law governs where and at 
what time. But more importantly, how would understanding the mechanism 
governing flux decline bring us closer to predicting fecal coliform removals in SRBFs 
when we can measure and estimate the specific resistance/headloss as a function of 
the amount of deposited substances? Nigel Graham, Luiza Campos, and Stephen 
Smith have already developed a model that predicts headloss as a function of the 
specific deposit within slow-sand filters and concluded it was u not correlated to E. 
coli removal. (Campos, Smith, & Graham, 2006)
Determination of the phenomenological flux filtration laws for membranes 
require measurements of volumetric flow rate changes with respect to time at a 
constant pressure. This type of analysis is primarily performed to optimize the 
amount of water a membrane can treat with respect to pumping energy; it has little 
to do with removal capabilities as the majority of these systems are dead end 
filtration. Dead end filtration is when the concentration of the contaminant being 
measured is essentially zero in the effluent stream. Performing this type of analysis 
with slow rate biofilters as they ripen would be time consuming and difficult, but 
most importantly it could change the distribution of particles within the filter 
depending on the pressure applied to the system. For instance, a higher pressure 
may increase the flow rate, sustainable biomass, and push the particles further into 
the bed while compressing the cake; a lower pressure would likely reduce the flow 
rate subsequently reducing the nutrients loaded and thus reducing the sustainable 
amount of biomass within the filter.
Another method would be to perform this type of analysis periodically within the 
ripening stages of the filter without disrupting the system. This type of system is 
feasible; however it is beyond the scope of this research. Restating the research
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objective, the objective is to create a useable model that can accurately estimate E. 
coli removal within SRBFs. Determining the governing phenomenological flux 
filtration laws will not bring the work any closer to developing a model for E. coli 
transport within SRBFs. Not only do these flux filtration laws vary in time and space 
they also depend on membrane and source water characteristics.
Biomass Distributions in SSFs
This analysis typically reports viable biomass as nanomoles of phosphate per 
gram dry weight (gdw) of soil (nmolPCMg./gdw). Figure 19 depicts biomass as a 
function of EBCT with respect to the Winthrop, Maine SSF study and Tom Paige’s 
work on slow sand filters.
nm olPO  34 All SRBF biom ass observations
1.E+03
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Looking at the previous biomass vs EBCT graph the majority of the viable 
biomass within the filter resides in the top, where over 50% is in the first half hour of 
EBCT. Also, worth noting is that temperature does not alter biomass within the filter 
it only alters biological activity. This observation was concluded by Tom Paige (one 
of Professor Collins’ previous graduate students) and is supported in the above 
biomass observations graph because the observations plotted are of all temperatures. 
This further supports the hypothesis that the higher removals associated with the 
upper region of the filter are due to the presence of pre-deposited particles and 
biological activity. The next step brings us to Phenomenological filtration modeling 
to account for the presence of pre-deposited particles and biological activity within 
this region of the filters.
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Developing a Phenomenological Filtration Model
A pertinent paper out of the University of Technology in Loughborough, England 
published by K. V. Ellis and M. E. Aydin in 1994 addresses the distribution of 
suspended solids (particles >0.45 pm in solution), active biomass (bacteria counts in 
106 CFU/cm 3 of sand), and particulate organic carbon (POC) in m g/cm 3 of sand, 
within slow sand filters. An interesting finding is that the amount of suspended 
solids, particulate organic carbon, and active biomass appear to follow a similar 
trend as that of the sticking coefficient.
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Aydin and Ellis’ findings support my hypothesis that the sticking coefficient 
indicates pre-deposited particles and biomass are increasing E. coli removals within 
SRBFs. Unfortunately, Aydin and Ellis claim that the three filters were operated at 
hydraulic loading rates (HLR) of 0 .1 ,0 .2 ,0 .3 ,0 .4 and 0.5 m /h (SSF HLR range). The 
hydraulic loading rate that corresponds to the data plotted above from their paper is 
unknown at the moment. But, assuming the data in the graphs are at a hydraulic 
loading rate of 0.1 m /h, an impressive correlation appears when plotted with the
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sticking coefficient and biomass observations from the WTTAC’s observations as a 
function of the empty bed contact time (EBCT).
Metals and cations do not appear to be interacting within the interfacial 
phenomenon. This becomes clear when observations do not change with respect to 
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It is difficult to ignore that the observations follow the same power-based trend 
as the sticking coefficient; this is why I believe these variables are correlated. Also, it 
should be noted that it is merely coincidental that the bacteria counts performed in 
England are essentially identical to the Phospholipid observations (nmolP0 43-/gram 
dry weight) carried out by the WTTAC team in New England over a decade later.
In 2000, a paper published by Chun-Han Ko and Professor Elimelech out of Yale 
University discussed developing a physical explanation to account for media surface 
coverage. Chun-Han Ko and Professor Elimelech ran positively charged colloidal 
suspensions through clean quartz sand grains. (Ko & Elimelech, 2000) Their 
research concluded that there is a theoretical maximum surface coverage that a sand
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grain can attain before it will no longer remove colloids from the fluid stream. Their 
work addressed surface irregularities and summed the phenomenon into a ‘Shadow 
Effect.’ Elimelech and Ko’s research proves insightful in understanding the 
maximum surface area that may be covered by a colloidal solution of the same 
surface charge. However, they used synthetic water that contained colloids 
(particles) of the same electrokinetic or zeta potential. This means that the pre­
deposited particles repel the particles in the fluid stream thus creating a single layer 
of deposited particles. Referring back to Lawler and Darby’s findings, particle- 
particle interactions may significantly effect filtration efficiency. When looking back 
at the previous graphs, it is apparent that multiple substances retained by the filters 
vary as a function of residence time and source water characteristics.
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APPENDIX B
OVERVIEW OF PILOT SCALE STUDIES
NEWMARKET RBF
Abstract
The results depict a 3.2 log removal of E. coli and Total Coliforms, 1.5 log removal 
of ASFB, 0.8 log removal of MS2, and a 36% reduction in DBPs (measured as DOC 
and UVabs) in 5 meters of alluvial deposit. Enterococci were removed about one log 
for every two meters in depth, with about four log removal in the first two meters. 
The data depicts that it is possible to achieve one log removal E. coli & Total 
Coliforms per 2.5 meters, one log removal of viruses for every eight meters, and one 
log removal of Aerobic Spore Forming Bacteria (ASFB) for every four meters. This 
study also suggests that further investigation of the removal processes associated 
with the fluid/media interface is required for modeling such systems.
Goal
The goal of this project was to assess a Riverbank Filter’s ability to remove, with 
respect to depth, selected microbes and DBPs without dilution from groundwater.
Introduction
Riverbank filters (RBF) are a slow-rate biofilters (SRBF) that are integrated into 
the natural environment. These relatively low-cost systems act as a barrier against 
water borne disease outbreaks, while providing quality filtrate with significant 
disinfection byproduct precursor removals (DBP).
This research project provides much needed information as RBF systems were 
recently included in the LT2ESWTR Toolbox Guidance Manual (EPA, 2003). The 
completion of the study facilitates the application of log removal credits to biological 
filtration systems and especially RBFs for satisfying the LT2ESWTR. Small drinking 
water systems will benefit from the completion of this research because a more 
detailed understanding of microbial and DBP removal mechanisms and capabilities 
by RBFs will contribute to a wider acceptance of this natural purification system.
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This research focused on the removal of selected microorganisms and DBPs by 
RBF under specific conditions and without the contribution of groundwater. 
Representative microorganisms were aerobic spore-forming bacteria (ASFB), total 
and fecal coliforms (CN-13), male specific (MS2) and Enterococci bacteria. ASFB and 
Enterococci bacteria are of particular interest as they are on the EPA critical 
contaminant list and could be regulated in the near future. They are also considered 
as one of the most problematic bacteria as far as subsurface transport is concerned. 
Representative DBPs included dissolved organic carbon (DOC) and ultraviolet 
absorbance (UV254). Each of the compounds of interest was applied to the columns, 
and removal was assessed as a function of time, applied loading rate, and depth.
Source Water and Site Information
Lamprey River water was collected twice a week in two 250 gallon cube tanks 
from the reservoir created by the Macallen dam on Packer’s Falls Road at the 
Newmarket drinking water facility. The 60 mile long Lamprey River is designated as 
a fishable and swimmable Class B river and is under special protection at both the 
state and federal levels. The river begins in Northwood, New Hampshire and ends at 
the Great Bay via the town of Newmarket, New Hampshire.
Methods and Materials
Two 10’ tall 16” inner diameter schedule 40 PVC columns were filled with local 
alluvial deposit and operated in series at a saturated down flow mode. Beginning 
September 23, 2009 two 250 gallon cube tanks were filled and transported to the 
columns once a week to meet a hydraulic loading rate of 0.03 GPM/ft2 or ~0.075 
m3/m 2hr. To simulate the performance of an operating filter the raw Lamprey river 
water was pumped through the columns for 27 days then challenged with selected 
microbes. Approximately 72 hours after the challenge began, all microbial and DBPs 
measurements were taken at different depths. The researchers systematically took 
water samples from the columns in the reverse direction of flow in order to minimize 
the potential for hydraulic failure. Each column sample was taken at a flow less than 
10% of the influent. Throughout the study the column and water temperature varied 
between 14 and 17°C.
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RBF pilot scale port locations and empty bed contact times
RBF Pilot scale measurements
inches Feet Meters EBCT (hrs)
Column Height 120 10 3-0 40.93
Sand Height from top of 1st column 20.6 1.72 0.5 7.03
Depth to 1st port 27 2.25 0.7 9.21
Depth to 2nd port 51-4 4.28 1.3 17.52
Depth to 3rd port 74-6 6.22 1.9 25.45
Depth o f 1st column 99-4 8.28 2.5 33.89
Sand Height form top of 2nd column 21.0 1-75 0-5 7.16
Depth to 1st port 126 10.5 3-2 42.98
Depth to 2nd port 150.4 12.53 3.8 51.29
Depth to 3rd port 173.6 14-47 4-4 59-22
Depth o f entire filter 198.4 16.53 5*0 67.66
*Bold font is locations o f sample taken
Results and Discussion
This study portrays that colloids are removed exponentially with respect to depth 
of media. This finding supports depth filtration theory and the possibility to estimate 
microbial removals as a function of filtration depth, for this water source and media 
characteristics, at temperatures around 14-17°C. All microbial data suggests that
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other mechanisms (e.g. non-depth) contribute to increased removals associated with 
the Schmutzdecke, a biological cake formed at the fluid/media interface and 
immediate depths of a SRBF. The researchers hypothesize that this cake may be 
accounted for by implementing a phenomenological filtration model with biomass, 
organic matter, clay/silts, cation exchange capacity (CEC), and metal oxides within 
the Schmutzdecke
Results summary table
October 19th -  22nd Pilot Scale RBF Microbial Challenge
Results Table




E. Coli 1.44E+06 905 0.00063 3 2 0
Total
Coliforms 1.52E+06 911 0.00060 3*22
MS2 1.06E+05 16,763 0.15885 0.80
ASFB 3.37E+03 111 0.03307 1.48









Diameter 16 1-33 0.41
in2 ft2 m2
Inner Area 201 1.40 O.130
HLR calcs
mL/min L/hr m3/h r m3/m 2*hr
161.0 9.66 0.00966 0 .0 7 4 5
GPM GPH GPD GPWk GPM/ft2
0.04 2.6 61.2 429 0.030
106
Alkalinity, pH, Hardness, & Conductivity measurements
Temp pH Alkalinity Hardness Hardness Conductivity
°C log[H+] mg/L as CaC0 3 Fe&M n mV
Influent 17 6.2 11.9 20.8 8.9 29.2
Effluent 17 6.41 24-3 32.6 8.3 15
Inf-Eff 0 -0.21 -12.4 -11.8 0.6 14.2
DBPs Results
Disinfection Byproduct Precursors (DBPs) represented Dissolved Organic Carbon 
(DOC), and UV absorbances were measured in the beginning, randomly throughout, 
and during the microbial challenge. For the October 22, 2009 microbial challenge, 
the influent DOC was 6.59mg/L and TOC was 7.6img/L, effluent DOC was 4.77 
mg/L. All samples indicated that TOC was removed by the first port. Total DOC 











C /C o  of DOC (mg/L) vs. Depth (meters)
The data suggests that about 10% DOC removal is achieved per meter of depth. 
However, Kedziorek et al. concluded that when DOC concentrations decrease in the 
fluid stream organics pre-deposited in the media may undergo hydrolysis to become 
biologically available for redox. (Kedziorek, Geoffriau, & Bourg, 2008) This 
conclusion creates a theoretical asymptote on the removal of DOC in depth filtration. 
As a result, further investigation may be required.
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DBPs removals did not change significantly between the October 1st and 22nd. 
This data supports the steady state assumption where DOC (BDOC in particular) 
removals do not change with operation time. This data also coincides with random 
sampling events that occurred throughout the process.
E. coli fCN-13) Results
Influent MPN/ioomL of E. coli




E. coli feed was measured daily. No die-off was observed. Each day’s feed was 
within one standard deviation of each other; the influent was calculated from an 
average over the three days. Because a 1/10,000 dilution was necessary to measure 
this concentration, the standard deviation of the E. coli and Total Coliforms seems 
high. One MPN/ioomL difference at this dilution level magnifies to 10,000
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MPN/ioomL. Thus a standard deviation of -420,000 MPN/ioomL translates to an 
analytical standard deviation of -42  MPN/ioomL.
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Log scale C/Co E. coli vs. depth (meters)
Data from the challenge suggests that an RBF could be expected to remove one log of 
E. coli for every 2.5 meters of depth.
Total Coliforms Results
Influent Total Coliforms (MPN/ioomL)
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Log scale C/C0 Total Coliforms vs. Depth (meters)
Removal of Total Coliforms matches that of E. coli at about one log removal for every 
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Log scale C/C0 MS2 vs. Depth (meters)
The data depicts that one log removal of viruses is possible for every eight meters of 
depth.
Aerobic Spore Forming Bacteria Results
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Depth
Log scale C/Co ASFB vs. depth (meters)
The data suggests that one log removal of ASFB for every four meters of depth is 
feasible.
Enterococci Results
Enterococci were challenged on November 16, 2009 by the NE-WTTAC lab 
manager Kellen Sawyer. The feed was sampled from the 17th to 19th. Die-off was 
observed, but the measurements taken on the 19th follow an exponential trend with 
depth. If the feed changed over time, then the measurements taken with depth 
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The graph depicts that one log die-off occurred each day of the challenge. 
Enterococci was the only challenge microbe that die-off was observed. Because the 
data depicts an exponential trend with depth, C0 was assumed to be constant with 
respect to the samples taken on the 19th. For the following graphs, day two feed was 
used for Co. For this report, modeling Enterococci removal with a constant feed is 
left to debate. One could postulate that one log removal could be attributed to die­
off.
Influent Enterococci (MPN/ioomL)
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Log scale C/Co Enterococci vs. depth (meters)
The data suggests that one log removal of Enterococci is achievable for every two 
meters of depth. The x-axis only goes to three meters because all samples taken on 
the second column during this challenge were lower than the detection limit of the 
procedure.
Conclusions
Microbial removals can be estimated as a function of filtration depth. This would 
not only aid designers to meet the regulations, it could help plant operators increase
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the efficacy of downstream treatment processes. Of particular importance is the 
disinfection system. Because other studies postulate that organic matter in the soil 
matrix undergoes hydrolysis when the ambient concentration of the surrounding 
fluid reaches below a critical level, e.g. Le Chatelier’s principle, further investigation 
is required before a removal per depth can be estimated for DOC beyond the 
parameters of this study. That stated, it appears DOC removals are at steady state as 
such one could use a simple first order model to estimate DOC removals accurately.
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At this time, in EPA Region l detailed testing has only been completed for one 
potential ASR. It is located in Newmarket, New Hampshire. Another artificial 
recharge system has been successfully operated for many years in Dover, New 
Hampshire. The NE-WTTAC at the University of New Hampshire successfully 
demonstrated the removal capabilities of the Newmarket ASR system using pilot 
scale columns. For this study, the NE-WTTAC conducted a similar study.
Organisms for challenge testing
EPA's Potential Target Organisms for Challenge Testing
Target Organism Size Range (pm)
Enteric viruses 0.03-0.1
E. coli (0.8 -  1.2) wide x (2-4) long
ASFB (0.3-2.2) wide x (1.2-7.0) long Spores: (3 - 7)
Cryptosporidium 3 - 7
Giardia 7 -1 5
source: US EPA
Experimental Set Up
The pilot filtration study was conducted in the basement of the University of New 
Hampshire’s Arthur Rollins Water Treatment Plant (ARWTP). This site was chosen 
because the facility has the space required for the columns, a direct feed from the 
Lamprey River, and the onsite capabilities to measure many of the water quality 
parameters that are outlined in Table 2.
The apparatus was composed of two 10 foot tall PVC columns run in series at a 
flow rate of approximately 40 gallons per day. Weekly samples of Natural Organic 
Matter (NOM) measured as dissolved organic carbon (DOC), and total organic 
carbon (TOC) removal were conducted until steady state operating conditions were 
observed, at which point the columns were challenged with the fecal coliform E. coli. 
Each column was filled with sand obtained from the local aquifer and injected with 
raw Lamprey River water.
Description of Testing Apparatus
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There was an unsaturated column and a saturated column. Both had media 
representative of that of the aquifer with grain sizes >1” removed to reduce short- 
circuiting. The raw Lamprey River water was fed into the unsaturated column four 
times per day mimicking the proposed system. The effluent water from the 
unsaturated column was collected in a black vinyl bladder designed for the storage of 
drinking water, and from that pumped continuously in an upflow mode through the 
second column. Samples were taken at the influent and effluent of the unsaturated 
column and through various sampling ports as well as the effluent of the saturated 
column.
Both columns were set up as:
Nine feet of aquifer sands collected from a gravel pit in Lee
An unfilled top section, with 12 inches of freeboard (volume ~13 gallons)
Water sampling taps set at depths of 1”, 6”, 1’, 2’, 4’, and 6’ for collection of 
intermediate depth water samples in the saturated column. The unsaturated column 
had one water sampling tap located 4’6” down from the top of the media. These taps 
were connected inside the column to perforated collector pipes.
Media sampling taps set at depths of 1”, 6”, 1’, 2’, 4’, and 6’ in the saturated 
column. The unsaturated column had media sampling ports 4’6” down from the top 
of the media and one at the bottom of the column.
Both columns were filled using the same method: with sand settling through 
shallow water, to ensure saturation and evacuation of trapped air. The first column 
was gravity-drained prior to first use, and was operated in the unsaturated downflow 
mode. The second column was plumbed for upflow mode to maintain a saturated 
condition.
The Lamprey River source water was pumped from the inlet of the ARWTP. The 
water collected for temporary storage in the vinyl water bed bladder was vented to 
allow air to escape. Water in the bladder was the influent source for the saturated 
column, to which it was pumped using a peristaltic pump at a rate of about 105 
mL/min, which has been estimated as 10 ft/day travel time through the subsurface. 
A schematic of the experimental setup is provided below.
Samples were collected from the influent and effluent water and from the 
intermediate sampling ports located in the columns at different times to determine 
the removal capabilities of ASR with depth under specific loading conditions. 
Samples were analyzed according to the Standard Operating Procedures (SOP) of the 
US-EPA and NE-WTTAC Laboratory. Reductions in E. coli concentrations were 
















Schematic of column experimental setup
The study assessed the removal of E. coli in the pilot columns using a filtration 
model based on Iwasaki (1937). In essence, the resulting pilot-based model assesses 
the length/depth required to achieve a prescribed removal level for E. coli. Side 
sampling ports exist in the column set-up that enabled the researchers to distinguish 
between removals associated with the interfacial phenomenon and removals due to 
filtration depth (e.g. CFT).
A removal or inactivation of 4-log of viruses, 3-log of Giardia cysts, and 2.5-log of 
Cryptosporidium oocysts is required by the LT2ESWTR. E. coli (CN-13) will be used 
as a surrogate in accordance to table 1 to ascertain log removal credit while DOC and 
UV254 will be monitored to assess disinfection byproducts (DBP) precursor 
removals.
Bacterial cultures and DBP indicators were prepared at the NE-WTTAC 
laboratory and delivered into the raw water tank. Initial concentrations were high
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enough to challenge the filters to achieve removals of 4 logs or otherwise determined 
to be appropriate. Filtered effluent samples were taken after challenging the filters 
with surrogate water solutions at appropriate estimated times, and finally, the 
removal efficiencies were calculated.
Results and Discussion
The focus of the water analyses was to enumerate the concentrations of the 
microorganisms added in the influent and found in the effluent waters as well as at 
the different intermediate ports. Several other parameters such as BDOC, DOC, 
temperature, pH, hardness, alkalinity and others were monitored. Sampling and 
preservation of samples (where required) was in accordance with Standard Methods 
(2007). All laboratory destined samples were immediately stored in a cooler, or 
stored in a refrigerator for later shipment to the laboratory.
Avg. E. coli per 100 mL Standard deviation
9.23E+04 4.33E+04
This media is capable of removing 1 log of E. coli eveiy four feet or -1.2 meters of 
depth. The data follows first order (i.e. depth filtration) but has an intersect 
depicting one log removal at the interface that is unaccounted for. It should be noted 
that the depths plotted may shift due to assuming the first port is two feet from the 
beginning of the media. The graphs that follow are of the same data, only portrayed 
with meters as depth as well as averaged values for each sample port.
Durham ASR E. coli Challenge 





y = o.i248e'205x 
R2 = Q-9353








7/11/2011 1.80E+02 2.29E-03 2.6
7/11/2011 5.00E+03 6.37E-02 1.2
7/12/2011 1.90E+04 2.42E-01 0.6
7/13/2011 2.12E+04 2.70E-01 0.6
There does not appear to be a difference in removals between the two challenges. 
As such, graphs are provided that contain both data sets and the exponential 
regression. That stated, the conclusions based on the first challenge’s observations 
are supported by July 11-13 challenge results.
July 11-13, 2011 Feed Concentration 
(MPN E. coli/ 100 mL)
average stdev
7.86E+04 1.64E+04
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R2 = 0.8058
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120
C/CQE. coli Durham ASR, 
Both June & July Challenges
i.E-oi -





♦ y = o.o6i4e1799x | R2 = 0.8509.... '..* ..................... ..
♦ ♦ ■—
•
O 0.5 1.0 1.5 2.0 2.5 3.0
Depth, m
121
WINTHROP MAINE PILOT SCALE SSF
Summary
Slow sand pilot filtration studies were conducted on the Narrows Pond surface 
water supply for the town of Winthrop, ME. Three pilot SSFs, Filter l (Fi) and Filter 
2 (F2), and F3 were operated simultaneously in the basement corner of the 
Winthrop, ME water treatment facility. A total of nine filter challenges were 
conducted on Filters 1 & 2 from July of 2004 to March 2006 (see following table) 
Each of the challenges was followed a week later by a coring event where sand 
samples were collected from the filters. Fi and F2 operated continuously for the 
duration of the study for approximately 600 days and were only taken off-line for 
sand sample collection or cleaning/scouring purposes. A low amount of ozone was 
continuously pumped into Fi and resulted in longer filter runs in Fi than those on 
F2. Ozone residuals in Fi ranged from below detection limit to 1.10 mg 0 3 mg/L. 
Because of the Ozone dose Fi was not analyzed in this research. The data reported is 
that of F2, the Winthrop Maine pilot scale control sand filter.
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Filter Cleaning/Scouring Dates for Filter 1 and Filter 2
Filter challenge Days between Fi F2
dates microbial challenges scraping date scraping date
7/28/04 92 2/19/04
10/26/2004 83 9/30/04 9/ 3 0 /0 4
1/18/2005 56 10/22/04 10/22/04
3/15/2005 119 1/26/05 1/10/05
7/12/2005 63 3/22/05
9/13/2005 56 7/20/05
11/8/2005 70 8/31/05 8/31/05
1/17/2006 50 9 / 20/05
3/8/2006 11/ 5/05
The Winthrop pilot scale filters were constructed from .432 m diameter Schedule 
40 PVC pipe. The filters were flanged and bolted 1.19 m from the base to facilitate 
in s ta lla tio n , c lean in g , a n d  sa m p lin g  o f  th e  f il te r  media. In order to be able to sample 
and clean the filter bed an opening with a gasket and removable cover was installed 
on each filter. The cover of the opening was secured with stainless steel hose clamps 
encircling the column. A 13 mm by 13 mm PVC rod was welded to the column wall 
about .23 m below the top of the sand to deter sidewall channeling. The filtration 
rates of the pilot-scale filters were controlled using a constant head constant flow 
device. Further details of the pilot filters may be found elsewhere (Page 1996)
The effective media size was 0.39 mm and the uniformity coefficient was 2.23. 
The media was obtained from Holliston Sand Co (Slatersville, RI). The media was 
thoroughly and repeatedly washed to remove fines prior to placement in the filters. 
The media was washed until the decanted water appeared to be visually clean.
Sample ports were provided along the column for profile sampling and to 
indicate headloss. The maximum head loss that could be measured by the 
piezometer tube for each column before the filters overflowed was 145 cm. 
Piezometers were made from clear acrylic tubing and headloss was measured by a 
meter-stick mounted on the side of each filter with the zero mark at the level of the 
effluent tail water control. Water sample ports were located at different depths (5.8 
cm, 21 cm, and 117 cm from the middle of the two flanged pieces of the filter). 
Sample ports were made out of 6 mm stainless-steel slotted tubes protruding inward 
about 5 cm from the column wall. During sampling, flow rates were low so as to 
avoid significant disruption of the filter flow. Media (core) sampling ports were used 
to obtain soil samples with depth. The openings of the media sampling ports were 
sealed with 6 mm NPT plugs during filter operation.
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Schematic of Typical Pilot Slow Sand Filter Used in the Winthrop, ME Pilot Study
Winthrop Maine Pilot Scale SSF Challenge Protocol
For each challenge; a n o  gallon tank filled with Narrows Pond water with 
approximately io 6 colony forming units (CFU) per too  mL of E.coli and Bacillus 
atropheous (formerly Bacillus subtilis var. Niger) was passed through the filters 
simultaneously. Influent water samples were collected from the tank and from a port 
located directly above the level of the sand in each filter. Effluent samples were 
collected from the ports located approximately .46 m, and 1.10 m below the level of 
the sand in the filter after 3, 5 and 6 hours from the beginning of the challenge. 
Samples were also collected from the port located at .30 m below the flange at a 
flowrate of 8 mL/min 4 hours after the beginning of the challenge till 6 hours. 
Temperature, pH, DO, chlorine residuals, and turbidity readings were taken on site. 
Water sample analysis took place at the Water Treatment Technology Assistance 
Center (WTTAC) laboratory at the University of New Hampshire (UNH). Samples 
were analyzed for E.coli, Bacillus atropheous, TOC, UV254 absorbance, BDOC,
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hardness, alkalinity, Aeromonas (analysis performed at the University of Tennessee 
by Dr. Kung-Hui Chu) and other water quality parameters.
Analytical Procedures
Methods of sampling and analysis followed established standard operating 
procedures and are outlined below.
S a m p lin g  P a r a m e te r s  a n d  A n a ly tic  M e th o d s .
M icrob ia l A n alyses A nalytica l M eth od s R eferen ce
E. colia Partinoudi, 2004
Total Coliforms Partinoudi, 2004
Bacillus sp. Partinoudi, 2004
Aeromonas EPA1605
O p eration al A n alytica l M eth od s R eferen ce
Flow Rate NA3
Headloss NA3







Ozone Residuals Hach 8311
Hardness Hach 8226
Alkalinity Hach 8203




Sand  an d  Sch m u tzdeck e A nalytica l M eth od s R eferen ce
Biomass (Phospholipids) Mercier, 1998; Wang, 1995
Bio. Activity (Respirometry) WTTAC QAPP, 2004
Polysaccharides Dubois et al. 1956
Proteins Lowry Method, Lowry et al. 1951
Aluminum (Al) 3111D/3113B/3120B2
Iron (Fe) 3111D/3113B/3120B2
Manganese (Mn) ----------------------------------------------------------------------------3125? . . . . .
' P a r a m e t e r s  t o  b e  a n a l y z e d  i m m e d i a t e l y  
2A P H A ,  1 9 9 8  
3 N o t  A p p l i c a b l e
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APPENDIX C 
BENCH SCALE STUDY PHASES
PHASE I
MEASUREMENT SYSTEMS ANALYSIS FOR QA/QC AND MODEL EXPANSION










High HLR: 0.5 m /hr 








The MSA phase consisted of operating eight bench scale columns (see table of 
orthogonal array) to work out the kinks, establishing a baseline for statistical 
analysis, and expanding the operating range of the model. The columns in this 
experiment were put online the day before a large rain event (October 20, 2011). The 
day allowed filter acclimation and the stormwater runoff naturally spiked E. coli and 
total coliforms allowing data to be acquired in un-ripened conditions. Comparing 
this data to that obtained upon ripening increases model robustness (total coliforms 
are measured for stormwater events instead of lab cultivated E. coli during 
challenges), alleviates confounding effects that multiple challenges may have on the 
columns, and provides a method of assessing the effects that pre-deposited 
substances have on E. coli and coliform removals.
Only filter two exhibited a ripening phenomenon associated with a change in the 
pCFT rate constant K. This is attributed to filter short circuiting, and not 
Schmutzdecke ripening. During the October 21 storm sampling event the rapid fine 
columns drained into the sample containers. This data is not considered 
representative of an operating filter.
The below figure supports the steady state assumption that the amount of specific 
deposit has null effect on the removal of E. coli and total coliforms in SRBFs and that 
the rate constant effect K of the specific deposit, is as Iwasaki suggested, a function 
of the hydraulic loading rate (HLR, or bulk fluid velocity).
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pCFT Rate Constants o f Phase I 
k Bench Scale Experim ent
1.E+05
1.E+04
♦ 10 / 2 1 /2 0 1 1  
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C olum n #
Conclusions
The IDEXX Quanti Tray MPN method in combination with a statistical analysis 
through the JMP software package is sensitive enough to distinguish significance in 
variables when >/= 0.2 log removal differences are observed. Also, the average 
difference between columns operating under the same condition is < 0.1 log removal. 
This suggests duplicate bench scale filters are unnecessary in future experiments.
Filters operating at low hydraulic loading rates with fine media (high surface area 
per volume) are better at removing E. coli (see prediction profiler above). The 
variability chart output from JMP 9.0 portrays that the media characteristics are less 
significant at high hydraulic loading rates. This supports the phenomenological 
filtration theory that the specific deposit is governing removals at the interface. This 
is because the rapid columns had five times as much water run through them, thus 
they had a much greater Schmutzdecke. This difference should be explainable by the 
characteristics of the Schmutzdecke (i.e. CEC, Biomass, Metal Oxides).
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1 0.25 13438.62 0.5 0.5 0.004 1217.5
2 0.25 13438.62 0.5 0.5 0.004 1217.5
10/21/2011
13438.62 4.76E-02 14362.160.013 1217.5
13438.62 3.12E-02 16393-080.013 1217.5
13438.62 8g8.ii Q.88E-02 2400.330.003
13438.62 8g8.il 9.94E-02 2394340.003
12/8/2011
13930.78 1446.8413438.62 5.93E-02o.oio
13438.62 8g8.ll 9-53E-02o.oio 11555 93
13438.62 0.0029
1.58E-01 1906.9213438.62 0.0029 -490.42Rapid























Column log removal stdev #obs
l 1-3 0.1 9
2 1-3 0.1 9
*Column 8 developed a leak that could not be repaired during the sampling event. 
Column 8’s data is not representative of a working filter.
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Variability Chart for Log Removal
Avg=1.27730159
0.8
4 ,269.58 13,438.62 4,269.58 13,438.62
0.09 0.41
Media Surface Area within HLR
3.20
115 -
3  110 -
3.05 -
3.00 -
4,269.58 13,438.62 4,269.58 13,438.62
0.09 0.41
Media Surface Area within HLR
The above variability chart depicts that the high surface area (m2/m3) with a low 
HLR (m /hr) out performs the rest (filters were operated at EBCT 30 min). It is 
interesting to note that if one does not have a high surface area, a low HLR will not do 
any good. Operating at a high HLR the high surface area will help with depth filtration 
(remember this is an interfacial study) but increase headloss. An increase in headloss 
does not mean an increase in removals, thus a given solution is left to the engineer.
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Variability Summary for Log Removal
M ean S tdD ev S td E rr Lower U pper M inim Maxi O bservat
M ean 9 5 % 95% um m um ions
Log Removal 1 . 2 7 7 3 0 2 0 . 2 6 3 0 4 8 0 . 0 3 3 1 4 1 1 . 2 1 1 0 5 4 1-343549 0 . 8 2 1-99 6 3
H LRto.og] 1 . 2 9 0 . 3 9 0 8 7 7 0 . 0 7 5 2 2 4 1.135374 1 . 4 4 4 6 2 6 0 . 8 2 1.99 2 7
HLR[o.4 i] 1 . 2 6 7 7 7 8 0 . 0 9 4 1 1 6 0 . 0 1 5 6 8 6 1-235934 1 . 2 9 9 6 2 2 1 1 . 5 2 36
HLR[o.0 9 ] M edia Surface Area[4 ,2 6 9 .5 8 ] 1 . 0 2 9 4 4 4 0 . 0 9 6 8 6 1 0 . 0 2 2 8 3 0 . 9 8 1 2 7 7 1 . 0 7 7 6 1 2 0 . 8 2 1 . 2 2 1 8
H LR to.og] M edia Surface A reat1 3 .4 3 8 .6 2 ] 1 . 8 1 1 1 1 1 0.135503 0 . 0 4 5 1 6 8 1 7 0 6 9 5 4 1 . 9 1 5 2 6 8 1-57 1 . 9 9 9
HLR[o.4 i] M edia Surface A rea[4 ,2 6 9 .5 8 ] 1243333 0 . 0 9 5 8 5 5 0 . 0 2 2 5 9 3 1 . 1 9 5 6 6 6 1 . 2 9 1 0 0 1 1 1-43 1 8




Root Mean Square Error 0.100414
Mean of Response 1.277302
Observations (or Sum Wgts) 63

















Prob > F 
<.0001*
All factors are significant and 
there is an interaction term. This 
means the model must contain 
these variables.
Term Estimate Std Error t Ratio Prob>|t|
Intercept 1.0680678 0.031935 33-45 <.0001*
Media Surface Area 3.95836-5 2.832e-6 13.97 <.0001*
HLR -0.312996 0.081159 -3-86 0.0003*
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Media Characteristics of Bench Scale Experiments
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Media Characteristics OOOs OOs Unit
Density of sand (p) 0.00265 0.00265 g/mm3
Total mass 653 592 g
Surface Area/Volume (as) 13,438.62 4,269.58 m-1
das 0.25 0.80 mm
Density of media 0.002 0.002 g/cm3
dio 0.15 0.50 mm
cUo 0-3 O.98 mm
UC 2.0 2.0 N/A
e 0-43 0.43 N/A
*A11 bench scale experiments used Holliston media.
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PHASE II
EVALUATING CEC, BDOC, AND CLAY ON NOM AND E. COLI 
REMOVALS ASSOCIATED WITH THE INTERFACE OF SRBFS
The three variables were set at two levels to assess all main effects and two-way 
interactions of BDOC x CEC and Clay x CEC during this experiment. The experiment 
began operation 2/23/12 and ran with dosing until 4/4/12 to allow 24 hours of 
Oyster River water feed to neutralize water quality impacts on the 4/5/12 CN-13 
challenge to assess the relative impacts of the various Schmutzdecke constituents. 
The results of this challenge did not agree with conventional wisdom, as such the 
columns were left online (no dosing) and challenged again on 4/12/12. Accidently, 
the feed concentration was low for this challenge but the data was salvaged. It is 
worth noting, the dosing concentrations of this experiment were based on Professor 
Collins experience.
Phase II Orthogonal Array
Column Clay CEC BDOC
1 + + -
2 + - -
3 - + -
4 - + +
5 - - +
6 - - -
7 - - -
8 - - -
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Phase II Experimental Layout
Tank
Hydraulic Loading Rate and Flow
Hydraulic loading rate (HLR) and flow o f bench scale columns
HLR(m'hr) m3/hr 1 L/hr mL/msi mL/sec L/day gil'week gpd gph gpm
Low HLR 0.2 0.0004 | 0.36 5.9 0.099 8.6 15.8 2.26 0.09 0.002






IS L. B 
Dosing
15 L CEC 
Dosing Tank




Dosing Vessel with Mixer
Q f
(mL/sec) mL/min L/day




1 5 0  4 - 0
Qd
(mL/sec)
0 0 7  0.43
mL/min L/day L/week 
0 .6 3  4 .3 8
% of flow as dosage 
7 %
(mL/sec) mL/min L/day L/week 
0 .106  6 .3 7 2 0 0 6  9.176  6 4 .2 2 9 8 2
Dosing Calculations
Variable Desired Concentration (C,)
Concentration o f Dose Mass per batch
Cd =[ (Q(+Qd)C,]/Qd
Clay
NTU NTU mg'T each mg (each) g (each)
20 293.6220391 236.119 3541.78 3.5418
(50/50 Montmorilionite 
and Kaolinite)
30 440.4330587 354.134 5312.01 5.3120
BDOC
mg/L as C mg/L as C mg/L as Sodium Acetate mg g
3 44.04330587 150.403 2256.05 2.2560
Sodium Acetate
6 88.08661174 300.806 4512.09 4.5121
Calcium mg/L as Ca2+ mg/L as Ca2+ mg/L as CaCfe mg g
100 1468.110196 4065.361 60980.42 60.9804
CaCt 150 2202.165294 6098.042 91470.63 91.4706
♦Highlighted terms are selected for experiment
*A11 bench scale dosing batches consisted of 15L (80% of a five gallon water can) raw 
river water and the prescribed masses, continuous mixing was accomplished with 
submersible pumps and manual labor.
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Results and Discussion
M ass Balance Approxim ation 
o f Specific D eposit 
°(mg CaCOj) (H ardness)
lOOO
Ci: CEC x Clay
-* -C 2 : Clay
C4: CEC x BDOC
100 150 200 250
m3/m a Filtered
300 350
M ass Balance Approxim ation 
o f Specific D eposit (TOC)
a (mg TOC)
-200
o 50 100 150 200 250 300 350
-* -C i:  CEC x Clay
>C2: Clay
•C3: CEC
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— C2: Cl ay 
- • - C 3 :  CEC 
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 C5: BDOC
-* -C 6 : Control 1 
—A—C7: Control 2 






2/11/2012 3/2/2012 3/22/2012 4/11/2012
—♦ —Raw Feed 
U Ci Feed 
— Cieff 
C2 Feed 
 ¥ C2 eff




♦ C5 Feed 
-* -C 5 e ff
■ ♦"■■ C6 Feed
-* -C 6 e ff  
M C7 Feed 
—# -C 7  eff 
—^>C8 Feed 
■C8 eff
It appears CaCl2 (denoted as CEC) dose did raise the level of cations within the 
filters. It is interesting to note that the CaCl2 was likely working as a coagulant with 
the NOM in the source water. Hence why the BDOC (Sodium Acetate) x CEC column 
retained more of the calcium; this is surprising because hypothetically the 
Montmorillonite should adsorb the cationic calcium and swell, thus further 
increasing the CEC. Worth noting, the units are in cubic meters of water treated per 
square meter of filter area, not media surface area.
As noted with the calcium mass balance. It appears that column three with the 
CaCl2 dose (CEC) retained the most organic matter. Not surprising, second was 
column five (BDOC). From this analysis it appears that the controls retained the 
least NOM. In actuality, it appears concentration polarization may be occurring
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within the controls. This is not surprising. As the amount of organic matter builds up 
in the Schmutzdecke, the NOM concentration within this region of the filter is higher 
than that of the feed water. This creates a concentration gradient. Combining this 
gradient with the superficial fluid velocity, it is not surprising that the NOM will 
diffuse down into the filter. Since these filters were only 1/2 hour deep (~4”) the 
NOM merely ‘bleeds’ out.
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Calcium Mass Balances
C ls  C E C  x  C la y
EBCT 0 .5  hours
HLR 0 .2 6 2 0 4 1  m /'3 / m A2hr
Q 0 .4 6 6 7 9 9  L /h r
to 40955 date M ass B alance o f  C olum n 1 Turbidity
13 hour
H ardness (a s  CaC0 3 )
dt Cdeposit
date o f  recorur o f  record days hours total hours #B V s 3 /m  * 2  trea (tn -tn -i) dL Co C l (c o -C i) C deposit'dL Su m  o f  deposit
2 /1 6 /2 0 1 2 13 0 0 0 0 0  0 0 0 0 O O 0
2 /2 3 /2 0 1 2 10 7 21 189 378 49 .52581  189 • 88 .22495 2 0 .8 ' 1 8 8 2 176.44991 1 7 6 .4 4 9 9 0 7 4
3 /9 /2 0 1 2 11 21 22 526 1052 137.8337 337 : 157.3112 18-4 17.2 1.2 188.77339 3 6 5 .2 2 3 3 0 0 4
3 /1 6 /2 0 1 2 10 28 21 693 1386 ; 181.5946 167 ; 7 7 .95538 17.6 16 1.6 124.72861 489 .9519122
4 /5 /2 0 1 2 11 4 8 22 1174 2348 3 0 7 .6 3 6 5  481 ; 224.5302 33-8 32-4 1*4 . 314  3 4 2 2 4 8 0 4 .2 9 4 1 5 4 6
C n: C la y
EBCT 0.5 hours
HLR 0.231021 m A3 /m A2hr
Q 0.411539 L /hr
to 4 0 9 5 5 date M ass B alance o f  C olum n2 i'urbidity
13 hour
‘ H ardness (m g /L  as C a C 0 3 )
dt Cdeposit
date o f  recorur o f  record days hours total hou rs #BV s ; 3 /m /'2 tr e a  ( tn -tn -i) : dL Co ; """ C i . ~ (c o -C i) m g deposit*dL S u m  o f  deposit
2 /1 6 /2 0 1 2 13 0 0 0 0 0  0 0 0 0 0 0 0
2 /2 3 /2 0 1 2 10 7 21 189 378 , 4 3 .6 6 2 9  189 77.78081 19.6 1 8 4 1.2 9 3 -336976 93 33697643
3 /9 /2 0 1 2 11 21 22 526 1052 121.5169 33 7 138.6885 16.4 1 5 6 0 .8 110 .95083 2 0 4 .2 8 7 8 0 9 1
3 /1 6 /2 0 1 2 10 28 21 693 1386 1 6 0 .0973  167 68 .72696 1 5 2 14.4 0 .8 5498157 259 .2 6 9 3 7 9
4 /5 /2 0 1 2 11 48 22 1174 2 3 4 8 271.2183 481 . 1979 5 0 1 33-8 33-6 0 .2 3 9 .5 9 0 0 2 3 2 9 8 8 5 9 4 0 1 6
C 4: C E C  x  B D O C 1.......... .... ....____
EBCT 0.5 h ou rs
HLR 0.2 6 2 0 4 1 m A3 / m A2hr
Q 0 .4 6 6 7 9 9 L /hr
to 40955 date M ass B alance o f  C olum n 4 Turbidity
13 h ou r
H ardness (a s  CaCC>3)
* Cdeposit
date o f  recorur o f  record days hou rs total hou rs #B V s 3 /m  " 2  trea (tn -tn - i) * dL Co ’ C l (c o -C i) Cdeposit'dL Su m  o f  deposit
2 /1 6 /2 0 1 2 13 0 0 O 0 0  0 0 0 0 0 0 0
2 /2 3 /2 0 1 2 10 7 21 189 3 78 49-52581 189 8 8 .22495 214 .8 210.4 4*4 388 .1898 3 8 8 1 8 9 7 9 6 3
3 /9 /2 0 1 2 11 21 22 5 2 6 1052 137-8337 337 157-3112 178.4 176.4 2 314 .6 2 2 3 2 702 .8121179
3 /1 6 /2 0 1 2 10 28 21 693 1386 181.5946 167 77-95538 146.4 143.2 3*2 2 4 9 .4 5 7 2 2 952 .2 6 9 3 4 1 5
Mass Balance Estimates for Clav Dosed Columns 
C2: Clay
EBCT 0 .5  h o u rs
H LR 0 .2310207  m A3 /m A2 -h r
to  2 /1 6 /2 0 1 2  date
13 h o u r M ass B alance  o f C olum n 1 Turbidity
' ’ ’ '  "  _  N TU s " ' ' ............ '
d t C deposit
d a te  o f  reco r H o u r o f  reco  days h o u rs to ta l h o u rs  #BVs m A3 /m A 2 ( tn - tn -1) Cm  C eff (cin-C eff) C deposit*dt S um  o f  d e p
2 /1 6 /2 0 1 2 13 0  0 .0 0 0 0  0  0  0  0  0  0 O
2 /2 3 /2 0 1 2 10 7 21.00 189 37 8  43.6629 189 30 .87  3.31 27.55667 5208.21 5208.21
3 /9 /2 0 1 2 11 21 22 .00 526 1052 121.5169; 337 18.97 5-36 13-61 4586.57 .. 9794-78
3 /1 6 /2 0 1 2 10 28 21.00 693 1386 160 ,0973 ................167 43-6  8 .566667 35-03333 . 5850-567 15645-35
4 /5 /2 0 1 2 12 4 8  23 .00 1175 2350 271.4493 48 2  3-02 2 .56  O .46 221.72 15867-07
C i:  C la y  x  C E C
EBCT 0.5 hours
HLR 0.2620413 m A3 /m A2-hr
to  2 /16 /2012  date
13 ho u r M ass B alance o f Colum n 1 Turbidity
NTUs
d t Cdeposit
date of recordir H our o f recordii days hou rs to ta l hours #BVs m A3 /m A2 trea ted  ( tn - tn - i)  C inf C eff (cin-Ceff) Cdeposit*d Sum  of d ep
2/16/2012 13 O 0.00 0 0 0 0  0 0 0 0 0
2/23/2012 10 7 21.00 189 378 49.52580914 189 40.63 7.64 32-99 623511 6235.11
3 /9 /2012 11 21 22.00 526 1052 137-8337334. 337 26.23 7-37 18.86 6355-82 12590.93
3/16/2012 10 28 21.00 693 1386. 181,5946335. 167 22.03333 10.66667 11.36667 1898.23 14489.16
4 /5 /2012 12 48 23.OO 1175 2350 307-8985489 482  3.02 4-51 -1.48667 -716.57 13772.59
Results and Discussion
It was suggested that the pH of the waters may have had an impact on the E. coli 
challenge results. As a result the data was taken out of log scale into the 
concentration of hydrogen ions within the water. As the above figure depicts, pH was 
relatively constant throughout each filter during the challenge (4/5/12). The results 
of the 4/5/2012 challenge did not agree with conception and the columns were left 
running on raw Lamprey river water. On 4/12/2012 the columns were challenged 
again. The low feed concentration is likely due to dosing tank short circuiting. Short 
circuiting may have resulted from neglecting to shut down the river water feed line.
It seems the environmental conditions of the Schmutzdecke (i.e. level of organics, 
nutrients, and biota) is what increases E. coli removals. Just consider the preferred 
habitat of E. coli -high nutrient and organics with a place to cling onto.
Cutting the doses by the amount passed through, taking Montmorillonite out and 
substituting Glucose Glutamic Acid for Sodium Acetate should be the next course of 
action. Although it is worth noting that the Sodium Acetate column did appear to 
grow more coliforms in the effluent Quanti Tray than the others. -Almost as many as 
the raw Oyster river water.
4/5/2012 4/12/2012
M P N /ioom L




Variable Column Log Removal
Clay x CEC l 1 . 0 1 1 . 4 0 0 . 4 0 3
Clay 2 1 . 7 2 1 . 0 5 -0 . 6 8 4
CEC 3 1 . 5 6 2 . 3 2 0 . 7 6 1
Clay x CEC 4 0 . 3 6 1 . 0 5 0 . 6 8 6
Biomass 5 0 . 2 7 1 . 1 0 0 . 8 3 5
Controls
6 2 . 2 4 1-54 -0 . 6 9
27 2 . 6 9 1-53 -1 . 1 5
8 2 . 8 0 1 . 6 7 - 1 . 1 3
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Biom ass Estim ates o f Phase II
nm ol P0 43' 
/m a 
600
♦ClayxCEC BClay A CEC
XCECx BDOC XBDOC #Controll














The sodium acetate does not appear to be increasing biomass whereas the CaCl2 may 
have.










t ............ r.............1......... .... r.............1...... .... 1.............1 .............1 ...... r  " ' i
0 1 2 3 4 5
— 4/5Clay x CEC
♦  4/5Clay 
■ 4/5CEC 
A4/5CEC x BDOC 
X 4/5BDOC
X 4/5Control 1
•  4/5Control 2
6 7 8 9
Column Number + 4/5Control 3
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pCFT Rate Constant Estimates for Phase II







l.E+02 + 4/12Control 2
0 1 2 3 4 5 6 7 8 9
Column Number - 4/12Control 3
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Root Mean Square Error 0.139464
Mean of Response 1.580786
Observations (or Sum Wgts) 48
Analysis of Variance
Source DF Sum of Squares Mean Squar






Means for Oneway Anova
Level Number Mean Std Error
BDOC 6 0.26798 0.05694
CEC 6 1.56204 0.05694
CEC x BDOC 6 0.36331 0.05694
Clay 6 1.72336 0.05694
Clay x CEC 6 100533 0.05694
Control 1 6 2.23857 0.05694
Control 2 6 2.68542 0.05694
Control 3 6 2.80028 0.05694
S td  E rro r  uses a  pooled  estim ate  o f e rro r  variance
Means and Std Deviations
Level Number Mean Std Dev
BDOC 6 0.26798 0.067787
CEC 6 1.56204 0.028043
CEC x BDOC 6 0.36331 0.141446
Clay 6 1.72336 0.142705
Clay x CEC 6 1.00533 0.057884
Control 1 6 2.23857 0.200873
Control 2 6 2.68542 0.148737
Control 3 6 2.80028 0.209823
F Ratio 
295.1521





















































All Pairs With Best 
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Variabl





Root Mean Square Error 0.265145
Mean of Response 1.442351













Means for Oneway Anova
Level Number Mean Std Error
BDOC 3 1.10170 0.15308
CEC 3 2.24686 0.15308
CEC xBDOC 3 1.06497 0.15308
Clay 3 1.04615 0.15308
Clay x CEC 3 1.57904 0.15308
Control 1 2 1.54446 0.18749
Control 2 2 1.59980 0.18749
Std Error uses a pooled estimate of error variance
Means and Std Deviations
Level Number Mean Std Dev
BDOC 3 1.10170 0.048115
CEC 3 2.24686 0.347599
CEC x BDOC 3 1.06497 0.159155
Clay 3 1.04615 0.000000
Clay x CEC 3 1.57904 0.461499
Control 1 2 1.54446 0.000000
Control 2 2 1.59980 0.347445
F Ratio 
7.8578
Prob > F 
0.0013*



















This experiment did achieve visually different Schmutzdecke characteristics. 
However, there is minimal differences in the K values between the two challenges 
except for column 4 (CEC x BDOC) and column 5 (BDOC). The increase between 
4/5/12 and 4/12/12 between the two is likely contributed to the BDOC (sodium 
acetate) as the CaCl2 (column 3) does not mimic this behavior. It is as if the sodium 
acetate was inhibiting the interfacial phenomenon.
The variability gauge charts show the log removal distribution each column for 
both 4/5/12 and 4/12/12. As depicted the control columns had the best removals in 
the 4/5/12 challenge where CaCl2 (denoted as CEC) significantly outperformed the 
rest, at 2.3 log followed up by the controls whose removals suspiciously dropped off a 
bit to around 1.6 log removal. Overall, calcium appears to enhance E. coli removals 
in the interface of SRBFs. This could be a result of it acting as a coagulant and 
increasing the Schmutzdecke as depicted in the previous pictures.
• Dosing surface waters at this level appears to shock the natural system, 
resulting in decreased E. coli removals.
• There are likely optimum concentrations for enhanced removals; it seems this 
study may have pushed the levels too far.
• Future research should dose synthetic waters that are correlated to surface 




FURTHER ASSESSMENT OF HLR










Initial operating time for Phase III was 12:45 PM on 4/19/12. A rainfall event on 
4/22/12 enabled a natural spike of total coliforms to be observed on the 23rd. A 
month later (10:15 am on 5/22/12) a CN-13 challenge was conducted. The feed water 
during this experiment was the Oyster River.
This experiment was designed to assess HLR modeling gaps. Columns 5 and 8 
were operated at approximately 0.3 m /h and columns 6 and 7 were operated around 
0.4 to 0.45 m /hr. Hydraulic loading rates are outlined in the following table.
F lo w  o b s e r v a t io n s  t a k e n  5 /2 2 /1 2 P h a s e  I I I  H L R





m 3/h r H L R
( m / h r )
a v e ra g e stdev n
5 18.4 02:07.4 127.4 0-144 0.001 0 .2 9 0 .3 0 0 .006 2
5 20 02:14.3 134-3 0.149 0.001 0 .3 0
6 27 02:03.4 123-4 0.219 0.001 0 .4 4 O .4 4 1
7 29.4 02:12.9 132.9 0.221 0.001 0 .45 0 .45 1
8 18.5 02:19.3 139-3 0.133 0.000 0 .2 7 0 .2 7 0.001 2
8 18.2 02:16.3 136.3 0.134 0.000 0 .2 7
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Observations taken 5 / 2 3 /1 2
All bench scale columns were operated at V2 hour EBCT. The above picture 
demonstrates how the higher the hydraulic loading rate increases the specific deposit 




1 .E + 0 2
0.0 0.1 0.2 0.3




Ripening effects appear in columns 6 & 7, yet the estimated K values fall within 
the same range for both hydraulic loading rates. Having a high HLR would heighten 
effects with respect to operation time, and thus one would expect K to ‘grow’ with 
filter runtime. As a cautionary note: the phenomenological component of pCFT is 
based on mass flux and not operation time. That stated, Jack Schijven implemented 
a logistic growth function into CFT (classical colloid filtration theory) to account for 
Schmutzdecke ripening. His model was based on filter run time and placed in the 
depth component; as such, it is not algebraically substitutable.
• A logistic ripening function that is a function of mass flux is likely the first 




BATCH ASSESSMENT OF CEC, CLAY AND BDOC ON E. COLI REMOVAL
Phase IV was designed as a batch dosing experiment to further elucidate the 
significance of CEC, clay (just Kaolinite this time), and BDOC on E. coli removals. 
Kaolinite, glucose glutamic acid (GGA), and CaCl2 dihydrate were dosed to six 
columns at two levels in a recirculating batch mode. The hydraulic loading rate 
(HLR) for this experiment was the same for all columns -0 .3  m /hr. This experiment 
began Thursday, May 24, 2012 and ran until Friday, June 22, 2012. Similar to Phase 
II dosing batches were made weekly, differing in that the batches were the feed water 
and not just the dose.
Phase IV Design
Flask/Column










Phase IV: Dosing Calculations
Variable Desired Concentration (CO V of water per batch
Mass per batch
Clay (Kaolinite)
NTU mg/L each mL gallons mg
30 24.204 15000 3 9 6 363.058
150 120.667 15000 3-96 1810.003
GGA
mg/L as C mg/L as GGA 15000 3 9 6
2 4-954 15000 3 9 6 74.315
10 24.772 15000 3.96 371.574
CaCU dihydrate mg/L as Ca2+ mg/L as CaCl2 15000 3 9 6
50 183396 15000 3-96 2750.936
250 916.979 15000 3.96 13754.678
5/30/12 Water Quality Data
Conductivity Turbidity
Sample pH (mV) UV254 (NTU)
Cl CEC 6.37 6.38 48 49 0.004 0.004 0.84 0.84
C2 CEC 6.31 6.32 55 54 0.003 0.003 0.46 0.47
C3 Clay 6.62 6.64 44 44 0.006 0.006 1-7 1.72
C4Clay 6-5 6.51 48 48 0.008 0.008 3-35 3-35
C5 GGA 7-37 7-43 49 48 0.005 0.005 1.04 1.05
C6GGA 7-34 7.36 44 44 0.004 0.004 0.72 0.71
C7 Control 6.92 6-93 56 56 0.005 0.005 0-95 0-95











C7 18 01:55.6 0.155709 0.315
C8 16 01:46.1 0.150801 0.305
C6 14.3 01:27.7 0.163056 0.330
C5 12.9 01:25.9 0.150175 0.303
C2 13 01:32.2 0.140998 0.285
Cl 13 01:36.8 0.134298 0.271
C4 14.9 01:33.5 0.159358 0.322
C3 16 01:48.2 0.147874 0.299
6/5/12 Feed Concentration 
(MPN E. coli/ioom L )
Average Feed stdev stdev as %
263.0 92.9 35%
6/5/12 Sorted Rank
Kaolinite at level l
CaCl2 at level 2 & GGA at level 1 (GGAi 
had a larger Schmutzdecke than level 2 
______________ GGA)______________
Control 1 
Clay level 2 










"Standard deviation (stdev) in feed is
stdev as %
103%
00 large to elucidate effects
6/19/12 Sorted Rank
GGA level 2 
CaCl2 level 2 
GGA Level 1 
Clay Level 1 
Control 2 





6 / 5 /1 2  Schmutzdecke differences
As depicted the GGA Li had a 
bigger Schmutzdecke. This could 
be why it out performed GGA L2, or 
there could be an optimal range of 
concentration for biological activity.
This would explain the negative 
results of Phase II.
Phase IV Observations of the Schmutzdecke Characteristics 6/5/12










Tukey-Kramer Hsu's MCB 
0.05 0.05




The data above is inconclusive, GGA did the worst though.
Onew ay Anova 
Sum m ary o f Fit
R square 0 .676
Adj R square 0.581499
Root M ean Square E rror 0 .076594
M ean of Response 0 .329823
O bservations (or Sum  W gts) 32
Analysis o f  Variance
Source DF Sum  of Squares M ean Square F Ratio
Variable and  level 7 0.29376259 0.041966 7-1534
E rror 24 0.14079774 0 .005867
C. Total 31 0.43456034
M eans for Oneway Anova
Level N um ber M ean S td  Error Lower 95% U pper 95%
CaCl2 Li 4 0.274262 0 .03 8 3 0 0.19522 0.35330
CaCl2 L2 4 0.412787 0 .03 8 3 0 0.33375 0.49183
Clay Li 4 0.465939 0 .03 8 3 0 0 .38690 0.54498
Clay L2 4 0.311841 0 .03830 0 .23280 0 .39088
C ontrol l 4 0 .364898 0 .03830 0.28586 0.44394
C ontrol 2 4 0.237691 0 .03 8 3 0 0.15865 0.31673
G G A Li 4 0.410056 0 .03830 0.33102 0.48910
GGAL2 4 0.161111 0 .03 8 3 0 0 .08207 0.24015
S td  E rro r uses a pooled  estim ate  o f e rro r variance
Prob > F 
O.OOOl*






E ach P air 
S tu d en t's  t  
0.05
All Pairs W ith  Best 
T ukey-K ram er H su 's  MCB
0.05 0.05
W ith  C ontro l
D u n n e tt's
0.05
V ariabl
The above ANOVA depicts GGA at level 2 had the best removals but is statistically the same as CaCl2 at level 2 which is 
statistically the same as Clay at level 1, Control 2, and GGA at level 1. Given this information it is difficult to state what is 
increasing E. coli removals in the interface, but it does appear that rapidly degradable organics in the feed stream could 
enhance removals.
Oneway Anova 
Sum m ary o f Fit
R square 0.42491
Adj R square 0 .223628
Root M ean Square E rro r 0.275027
M ean o f Response 0.758571
O bservations (o r Sum  W gts) 28
Analysis o f V ariance
Source DF Sum  of Squares M ean Square F Ratio Prob > F
Source DF Sum  o f Squares M ean Square F  Ratio Prob > F
Variable 7 1.1177429 0.159678 2.111a1 0 .0 9 0 0
E rror 20 1.5128000 0.0756.
C. Total 27 2.6305429
M eans for O new ay Anova
Level N um ber M ean Std E rror Lower 95% U pper 95%
CaCl2 Li 4 0.61500 0.13751 0.32815 0.9018
CaCl2 L2 2 0.91500 0.19447 0 .50934 1.3207
Clay Li 4 0.74750 0.13751 0 .46065 10343
Clay L2 3 0 .5 8 0 0 0 0.15879 0 .24878 0.9112
Control 1 4 0 .6 0 0 0 0 0.13751 0.31315 0 .8868
Control 2 3 0 .65 0 0 0 0.15879 0.31878 0.9812
G G A Li 4 0.77500 0.13751 0.48815 1.0618
GGAL2 4 1.19250 0.13751 0 .90565 1-4793
Std  E rro r uses a  pooled  estim ate o f e rro r  variance
M eans and  S td  Deviations
Level N um ber M ean Std Dev Std E rr M ean Lower 95% U pper 95%
CaCl2 Li 4 0.61500 0 .236854 0.11843 0.238 0.9919
CaCl2 L2 2 0.91500 0.332340 0.23500 -2.071 3.9010
Clay Li 4 0.74750 0 .089582 0.04479 0.605 0 .8 9 0 0
Clay L2 3 0 .5 8 0 0 0 0.439204 0.25357 -0.511 1.6710
Control l 4 0 .6 0 0 0 0 0.218632 0.10932 0.252 0.9479
Control 2 3 0 .65 0 0 0 0 .3 3 0 0 0 0 0.19053 -0.170 1.4698
GGA Li 4 0.77500 0 .3 02490 0.15124 0.294 1.2563
GGAL2 4 1.19250 0.250649 0.12532 0.794 1-5913
Conclusions
The GGA appears superior to Sodium Acetate at enhancing biological activity, 
whereas Clay (Kaolinite) and CaCl2 almost seems to act as inhibitors. Phase IV 
6/5/12 data is inconclusive. Low DO (due to recirculating batch feed) may have 
reduced the quality of the Schmutzdecke habitat. The previous bench scale 
removed around two logs of E. coli and all (30 min EBCT) have always removed 
more than one log (except the ones that were dosed in Phase II). This data is not 
useable within the math. However, results of June 20th 2012 E. coli challenge do 
appear useable. The results indicate GGA at level 2 had the best removals but a 
statistical tie must be given to CaCl2 at level 2 (see ANOVA below).
The data supports our hypothesis and suggests future research is warranted 
on cations and BDOC. There is also interaction terms that must be accounted for 
and clay may be a significant player. It does appear that the singular effects of 
clay can be removed from future designs.
In conclusion, higher NOM removals in the interface of SRBFs corresponds to 
viable biomass, and an increase in the cation exchange capacity (CEC). The 
increase in CEC allows for greater retention of metal oxides and cations 
subsequently increasing microbial habitat quality. This ripening phenomenon 
then relates to the enhanced pathogen removals associated with SRBFs. These 
source water specific deposit impacts should be integrated in to the 
phenomenological component of the pCFT as outlined in previous chapters. 
However, differing microbial interactions with aqueous species would 
theoretically be within the coming microbial heterogeneity model. At which 
point, clarity between the two must be maintained. Another word of caution to a 
future pCFT calibrator: do not make the model subject to tedious observations.
Regression Analysis of K
A non-linear regression analysis using JMP was conducted on the rate 
constant K observations obtained from the control columns of the bench scale 
phases. Phase IV was exempted from the regression as the columns were 
operated in batch mode which could confound steady state assumptions. The 
results indicate K is proportional to the natural log of the hydraulic loading rate 
or bulk fluid velocity in this one dimensional solution. Three regressions appear 
to explain the observations; a natural log transformation, a natural log to square 
transformation, and exponential (first order).
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The selected log transformation regression outlined in the previous pCFT 
report was based on least squares of the bench scale data, the r squared adjusted, 
and 95% confidence intervals (pink shaded regions of following graphs). Worth 
noting is JMP miss calculated the Sums of Squares and provided values were 
hand tabulated in EXCEL from the bench scale phases, at no point has the pilot 
scale data been used for calibration.
In the RBF data set (HLR <0.05 m /hr) a lower K value than predicted by the 
selected regression results in a better model. This implies the natural log to 
square regression could be the better model, although when applied to the ASR 
data the predictions worsen. This suggests more research is warranted in lower 
hydraulic loading rates (e.g. < 0.05 m/hr). At the same time higher hydraulic 
loading rates (>0.5 m /hr) and possibly intermittency could be evaluated in future 






l :  K = -77507.11 - 9 0 i9 .5 5 i8 * ln (H L R  (m /s e c ))
Sum m ary of Fit
RSquare 0.6621
RSquare Adj 0.6569
Observations (o r Sum Wgts) 67







1 0 0 0 0
0.000020.00005 0.00008 0.000110.00014 
HLR
2: Log(K) = 9 .6306684 - n64297i5*Square(H LR  (m /sec))
Sum m ary of Fit
RSquare 0.5761
RSquare Adj 0.5696
Observations (or Sum  Wgts) 67









3: Log(K) = 10.356699 - 20006 .78g*HLR (m /sec)
Sum m ary of Fit
RSquare 0.5998
RSquare Adj 0-5937
Observations (or Sum  Wgts) 67




pCFT rate constant K as a 






= = = ^ ^ ==...... .....
----------
lOO i
c) o.i 0.2 0.3 0.4 0.5 0.6
HLR, m /hr
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Kontes Bench Scale Chromatography Column Specs and Suggestions
Column dim ensions
Max depth o f media within  
column
Parameter unit figure






*max depth allows for 0.5 inches of headspace above 
media/fluid interface
cm in cm in
15 6 13 5
30 12 27 10.75
60 23.6
*Use of digital peristaltic pumps (Watson Marlow 300-500 series) greatly simplifies flow calibration and reduces 
human error from the manual dial pumps. To keep columns operating under similar conditions the pump head hose 
must be replaced at the same time and everything you do to one column you have to do to the others...
APPENDIX D
ASSESSING THE POTENTIAL OF NATURAL ORGANIC MATTER TO 
SIMULATE PATHOGEN REMOVALS IN SLOW-RATE BIOFILTERS
Summary
Pilot-scale data obtained during the Newmarket, New Hampshire RBF study 
rejects the null hypothesis that DOC measurements do not mimic that of pathogen 
removals. This suggests that simulating pathogen removals with DOC/TOC is 
plausible, but the accuracy of estimation is reduced as microbial concentrations 
approach zero. Therefore, there is limited accuracy in using DOC measurements to 
estimate pathogen removal. This finding coincides with the mathematical 




A model that accurately and effectively predicts SRBFs treatment performance is 
needed. Infield analysis of microbial removals for SRBFs is limited by source 
water/environmental characteristics, site access, proximity to analytical resources, 
time, and cost. In order to verify compliance with the US EPA’s Long Term to 
Enhance Surface Water Treatment Rule (LT2ESWTR), every surface water filter 
must be extensively tested and monitored. As well as microbial contaminants, 
Disinfection Byproducts Precursors (DBP), organic compounds susceptible to 
halogenation, are of particular concern for safe drinking water. DBPs can be cost- 
effectively measured with the use of a spectrophotometer and TOC autosampler.
Chemical oxidation reduction (redox) processes occurring in SRBF systems are 
governed by microbiological processes (Cosovic, Hrsak, Vojvodic, & Krznaric, 1996); 
(Kedziorek, Geoffriau, & Bourg, 2008) and the electron donor to the terminal 
electron acceptor is organic carbon. Assuming microbiological processes between 
trophic levels are correlated, then measuring organic carbon as a function of depth 
or empty bed contact time could be used to model pathogen and DBP removals alike.
This report tests the null hypothesis that the measurements of DOC with respect 
to depth have no continuity with the microbial measurements taken of the same 
sample. It should be noted: this report is not stating that microbial removals are a 
function of DOC and/or vice versa, it suggests after reviewing the data and deriving 
the models, the two mimic each other, and may not be orthogonal.
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Methodology
The Newmarket RBF study (see Appendix B for details) consisted of two ten-foot 
(3 m) tall by eighteen-inch (0.457 m) inner diameter schedule 40 PVC columns, 
filled with local alluvial deposit—gravel from a local pit—set up in the Newmarket 
public works facility. The columns were fed, in series, Lamprey river water in a 
saturated down flow direction at about 160 mL/min. In the beginning of October, an 
initial conditions challenge was conducted with a known concentration of E. coli. 
After ripening of the columns for three more weeks, an extensive microbial challenge 
was conducted. The goal of the time separation of the two challenges was to 
statistically verify that a ripened filter will remove more contaminants than an un­
ripened filter. The results were opposite. This was likely attributed to an 
uncontrolled environment where the columns drained multiple times and the 
temperature fluctuated during the ‘ripened’ challenge.
Each microbial challenge lasted three days. Each day the feed and various ports, 
as a function of retention time, were analyzed and monitored with respect to 
concentrations. On the third day of both challenges (Thursday), samples were taken 
of both columns and all depths. This insured that the spiked water had adequate 
travel time to flush through both columns without significant changes in the feed 
concentration over time.
It was determined that ASFB concentrations were high enough in the source 
water to be analyzed without the use of a surrogate such as B. subtilis. The microbial 
challenges in this study were E. coli (CN-13) and Enterococci bacteria as surrogates 
for the presence of pathogens typically associated with mammalian and avian enteric
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bacteria, bacteriophages (MS2) as indicators for the presence of viruses, as well as 
DOC and UV254 as indicators for DBPFP.
Within the Newmarket RBF data set there is a spike in the organics and microbial 
observations on the effluent of column one for the October 22, 2009 samples. These 
samples appear to ruin the dataset; however measurements taken the day before 
(October 21,2009) at the same location do not reflect this spike and as such were 
used in model development. This lack of control is likely do to a number of factors 
that were addressed in successive experiments. For instance the other pilot studies 
evaluated were operated with a constant fresh water supply in low traffic areas.
The Newmarket RBF study was setup in the town’s public works building, where 
trucks and equipment are moved around daily. As a result of its location, the pump 
was bumped into multiple times resulting in running out of water and the columns 
draining, and the limited hours of operation restricted access to the setup 
compounding variance in ripening conditions. In order to ensure a constant and 
controlled flow, the effluent of the first column was pumped to feed the second 
column; the effluent of the second column had to be pumped as well. This, along 
with the influent line, had to be the same aged hose on the same pump. This meant 
bypassing all air breaks, making the setup vulnerable to siphoning. Every time a 
column drained the feed was rerouted up-flow to refill the columns. It took almost a 
day to refill the columns. Once full, the lines then had to be rerouted to down flow 
which should have taken another 3+ days to flush. The draining/refilling processes 
resulted in an increase of organic buildup in the bottom of both filters, in particular 
the first column (drained three times instead of two before the ripened challenge, the
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third time was immediately before the challenge). This could have been the source of 
the spike witnessed on the second challenge.
A spike, or surge, was recorded the final day of the challenge on October 22,2009 
at a depth of 2.3 meters. This surge was congruent throughout all analytical 
techniques, indicating that DOC concentrations may mimic microbial removals. The 
spike in both microbial and DOC concentrations suggests that microbial removes 
could be modeled with DOC measurements. Another consideration is that the 
microbial concentrations cause the spike in DOC observations.
Because E. coli has the most data points from two challenges instead of one, the 
null hypothesis was tested on E. coli. Below is the bivariate fit of C/Co E. coli by C/C0 
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Transformed Fit Log 





Root Mean Square Error 1.236402
Mean of Response -6.13666
Observations (or Sum Wgts) 35





















Term Estimate Std Error
Intercept -19.458 1.715386
C/Co DOC 16.942588 2.16544
Fit Measured on Original Scale 
Sum of Squared Error 0.0006432
Root Mean Square Error 0.0044148
RSquare 0.8566472
Sum of Residuals 0.0620695
t Ratio ^pfob>i
-11-34 '  <.0001* ^
7.82 V<-0001* J
t
p-value rejects null 
hypothesis. The data 
suggests that E. coli 
removals can be 
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Bivariate Fit of C/C0 Coliforms by C/Co DOC
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Transformed Fit Log 




Root Mean Square Error 0.454505
Mean of Response -5-99303
Observations (or Sum Wgts) 17
Higher F ratio indicates more 
significance between terms, but 
is likely a result of less data 
points. For these challenges, 
total coliforms were 
determined to be 
indistinguishable from E. coli.




























Sum of Squared Error 0.0002229
Root Mean Square Error 0.003855
RSquare 0.9183962
Sum of Residuals 0.0100621
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Bivariate Fit of C/C0 MS2 by C/Co DOC
Linear Fit 




Root Mean Square Error 0.113258
Mean of Response 0.387729
Observations (or Sum Wgts) 36













Term Estimate Std Error t Ratio
Intercept -0.938767 0.118582 -7.92
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Linear Fit




Root Mean Square Error 0.027942
Mean of Response 0.126191
Observations (or Sum Wgts) 19















Term Estimate Std Error t Ratio Prpb>jt|
Intercept -0.274512 0.038985 -7.04 K .O O O l*
C/Co DOC 0.4804742 0.04611 10.42 'k .o o o i*
Conclusions
Modeling microbial removals in SRBFs utilizing DOC observations is feasible yet 
resolution is limited at low concentrations. This means that observations taken of a 
filter’s effluent are prone to error. Seeing these observations are typically of most
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concern, DOC should only be used as a surrogate to microbial observations in 
conjunction with the pCFT and NOM models, or after experimental correlation has 
been established for a given source water.
• DOC and UVabs@254nm can be used to estimate microbial removals in 
SRBFs, yet accuracy is limited as concentrations approach zero.
• Within this study, no one microbial observation is paired to a DOC 
measurement and there are no outliers that can be removed. The model is 
a function of the random alignment of data between columns separated 
into increments of depth. Even with an equal number of observations 
among terms the model would still be subject to change as a function of 
data arrangement. Thus the provided regression analysis should only be 
used as an example.
•  C /C o  D O C  in a SRBF will rarely go below 0 . 5  where 6 +  logio removal of E. 
coli and total coliforms have reported from infield observations. (Weiss, et 
al., 2 0 0 5 )  This means that there is always a limitation of prediction 
accuracy due to a difference in significant figures between the two 
measurements.
• For E. coli, observations 7 0 - 7 2 ,  &  7 4 - 7 6  DOC was just above 7 0 %  
remaining, and over four log removal at depths 3 . 8  and 5  meters, 
observations 3 3  &  3 4 ,  3 8 - 4 0  DOC was around 6 5 %  remaining with about 
three log E. coli removal. These measurements contradict the hypothesis. 
They are not outliers; they are the product of variance between 
environmental conditions which resulted in less DOC and greater 
microbial removals.
APPENDIX E
BIODEGRADABLE DISSOLVED ORGANIC CARBON ASSESSMENT 
OF LAMPREY AND MERRIMACK RIVERS
Determining the fractions of NOM is fairly straight forward and outlined in the 
following section using the Lamprey and Merrimack River waters as an example. The 
BDOC fractions are about the same for both rivers. Both fast and slow fractions of 
BDOC in the water change depending on whether a five or seven day analysis is 
performed. BDOC analyses are typically carried out over five days, but the authors 
perform the analysis over seven days finding support to MWH’s claim of subjectivity 
in BDOC observations. (Montgomery Watson Harza, 2005) Wang determined the 
amount of BDOC in his experiments with the five day analysis; for continuity 
between researchers, the data is presented and analyzed as such.
BDOC fractions of the Lamprey (3/11/11) and Merrimack (8/3/10 and 8/24/10)
Rivers
5 day BDOC [mg/L)
Parameter Lamprey Merrimack
D O C  total 741 342
End of D O C fast 6 . 3 0 2 . 8 5
End of D OCsiow 5-45 2.53
[B D O C jfa s t 1.11 0.57
[B D O C jsiow 0 . 8 5 0 . 3 2
[B D O C jto ta l 1 .9 6 0 . 8 9
B D O C fa s t/D O C 0 .1 5 0 .1 7
B D O C sio w /D O C 0 .1 1 0 . 0 9
B D O C /D O C 0 . 2 6 0 . 2 6
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% B D O C fast 1 5 % 17%
% B D O C siow 11% 9 %
% B D O C to ta l 2 6 % 2 6 %
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Merrimack River BDOC 
From the above figures it is apparent these waters do not have a distinguishable 
BDOC fraction that is rapidly degradable, meaning Monod parameters are 
unnecessary as biological degradation in the filters should follow first order kinetics.
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This observation is supported in the lack of curve to the exponential trendline. A 
large negative derivative (slope) of the trendline portrays rapidly degradable BDOC, 
as the slope approaches zero the remaining organics are considered non-degradable. 
By inserting tangents from each end of the trendline one will find an intersection. 
This intersection is considered to distinguish between the rapid and slow BDOC 
fractions. The further this intersection is away from the trendline, the more 
distinguishable these fractions are. Looking back at the graphs, both intersections 
are too close to the trendline to truly distinguish these fractions. Also worth noting is 
that the y-axis’ do not go to zero. If they did, one would not be able to distinguish 
these fractions at all.
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APPENDIX F
EVALUATION OF A SIEVE ANALYSIS FOR MODELING PATHOGEN 
REMOVALS IN GRANULAR MEDIA FILTRATION
Abstract
Slow sand filtration (SSF) has been used to treat drinking water for over two 
centuries. In order to further optimize these systems, one must verify a technique 
that allows simple extrapolation of the media surface area per unit volume (as), and 
subsequently the diameter of a collector (dc) that is representative of the distributed 
media sizes. The experimental unit was sand grains with day as the replicate factor. 
The variables were effective size (di0) and uniformity coefficient (UC = d6o/dj0). The 
analysis of this experiment was conducted in JMP with two responses: porosity (6) 
and as. This experiment confirmed my hypothesis that UC has a significant impact 
on 6. This analysis also determined the 1992 Vukovic & Soro relationship (that 
correlates d10 and UC to porosity) is valid for CFT modeling purposes.
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Materials
Lots of sand 
Sieve set 
Sieve shaker
Lots of containers to keep sand separate (l quart yogurt containers worked well for 
this study)
Sharpie to label containers 
6, 25mL graduated cylinders 
lOmL pipette 
Scale
Writing utensil and spreadsheet to record data 
Radio
Methods
• Diy sand overnight in ioo° oven
• Sieve sand in batches following ASTM standard methods (in this study the 
shaker table was operated for 25 minutes each time, more than the required 
time)
• Separate sand sizes and label accordingly
• Weigh out appropriate proportions to desired specs
• Calculate and weigh out particle size distributions for each batch (9 total for 
this set of experiments)
• Determine as and das of each PSD using method outlined in Chapter 1.
• Label containers accordingly *keeping everything that touches each PSD 
separate from the other sieves
• Measure out 10 mL of room temperature water and pour 5 mL into a clean 25 
mL graduated cylinder
• Slowly pour sand sample into the same 25 mL graduated cylinder keeping the 
media saturated at all times, and tap until level does not change. *Keep Vs 
under 15 mL for efficiency of saturation time
• Poor in the remaining 5 mL of room temperature water, (wash sand grains off 
inner rim of graduated cylinder as you pour the water in)
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• Make sure the entire volume of sand is completely saturated and measure 
the total volume (Vt) and volume of sand (Vs) (for greater precision weigh the 
sand sample before pouring it into the graduated cylinder)
• Use this data to obtain porosity (6)
• Repeat
To calculate porosity use the following relationship: 
e = i - [ ( V t-Vw)/Vs]
Results
The correlation between the surface area per volume (a$) estimated from the 1992 
Vukovic and Soro equation and the observed porosity portrays no significant 
difference in modeling between the two methods. With a response of porosity it 
appears uniformity coefficient (UC = cfoo/dio) and effective size (d 10) are significant 
(see highlighted p values in parameter estimates table) this is likely attributed to UC 
being a function of d10. As such these variables are non-orthogonal and will come up 
as being statistically similar in model significance. This does not mean effective size 
effects porosity (C), it more indicates the spread or distribution of media sizes is 
what governs the available space within a filter.
20000-






Surface area per volume (as) estimated from 
Vukovic & Soro estimation of porosity (G)





Root Mean Square Error 571.9281
Mean of Response 10375.29
Observations (or Sum Wgts) 27
Analysis of Variance













Prob > F 
<.0001*
Parameter Estimates with response of Observed Porosity
Term Estimate Std Error t Ratio Prob>|t|
Intercept 0.418601 0.019847 21.09 <.0001*
dio 0.0790653 0.037895 2.09 0.0482*
UC -0.01461 0.00487 -3 0 0 0.0064*
(UC-2.46667)*(dio-0.3i567) 0.0168832 0.035144 0.48 0.6355
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Example Spreadsheet Estimating Media Surface Area per Unit Volume
Seive# D, mm D, mm % Culmulative % passing %asD Mass, g V/xrain. mm1 Mass/grain # grains Vrea/xrain, mm Area, mm2 Volume, mm3
10
8-35 0.0 100.0 0.0 O 304.830 0.808 0 219 .040 0.00 0.00
6.7
5.725 0.0 100 .0 0.0 O 98.248 0.260 0 102.968 0.00 0.00
4 4-75
3-375 0.0 100 .0 0.0 O 20.129 0.053 0 35.785 0.00 0.00
10 z
1.59 0.3 99.7 0.3 2 2.105 0.006 359 7.942 2,847.99 754.72
16 1.18
1.01S 0.5 99.5 0.2 1 0 .5 4 8 0.001 689 3.237 2.230.69 377.36
20 0.85
0.7163 1.7 98.3 1.2 8 0.192 0.001 15.686 1.612 25.286.00 3,018.87
25 a 7i
0.507 9 3 90.7 7-7 50 0.068 0.000 276,504 O.808 223.289.05 18,867.92
30 0.589
0.3625 40 .9 59.1 31.5 206 0 .0 2 5 0.000 3,116,726 0.413 1,286,662.3.3 77,735.85
4 0 0.425
0.275 75.8 24.2 34-9 228 0.011 0.000 7,901,186 0 .238 1,877,186.96 86 ,037.74
5 0 0.3
O.215 86.2 13.8 10.4 68 0 .0 0 5 0.000 4 ,931,159 0.145 716,103.55 25,660.38
60 0.25
0.142 95.4 4-6 9.2 60 0.001 0.000 15,102,252 0 .06.3 956,683.50 22.641.51
8o 0.18
0.0805 99.4 0.6 4.0 26 0 .0 0 0 0.000 26,137,241 0 .0 2 5 657 ,742.17 9,811.32
140 0.104
0.0895 99-7 0.3 0.3 2 0 .0 0 0 0.000 2,010,557 0.025 50 ,595  55 754-72
2 0 0 0.075
O.O38 100.0 0.0 0.3 2 0 .0 0 0 0.000 26,268466 0.005 119,165.84 754-72
CP 0.001
SUM 99-7 653 ......... 85,760,825 At Vs (total)
5 ,798 ,627.80 245.660.38
vt = (i-e)/e*vs+vs
434,943.55
Sieve # Day dio UC ObservedPorosity
1 l 0.165 1-3 0 4 3
2 l 0.275 1 0.45
3 l 0.507 1 0.45
4 l 0.165 3-1 0.36
5 l 0.275 2.6 0-37
6 l 0.507 2 0.38
7 l 0.165 4-4 0.33
8 l 0.275 3-7 0.41
9 l 0.507 3-1 0.38
1 1 0 .1 6 5 1-3 0 .3 9
2 1 0 .275 1 0 4 4
3 1 0 .5 0 7 1 0 4 3
4 1 O .165 3-1 0 .3 8
5 1 0 .275 2 .6 0 .4 0
6 l O.5O7 2 0 .4 5
7 2 0 .1 6 5 4 4 0-39
8 2 0 .275 3-7 O .42
9 2 0 .5 0 7 3-1 0-43
l 2 O .165 1-3 0-39
2 2 0 .275 1 0 .4 6
3 2 0 .5 0 7 l 0 .4 4
4 2 O .I65 3-1 0 .4 1
5 2 0 .275 2 .6 0-39
6 2 0 .5 0 7 2 0 .4 2
7 2 0 .1 6 5 4 4 0 .3 7
8 2 0 .275 3-7 0 .3 6
9 2 0 .5 0 7 3-1 0-45
Estimated





























COMPARISON BETWEEN TE AND RT SINGLE COLLECTOR
EFFICIENCY MODELS
The TE model: (Tufenkji & Elimelech, 2004)
T1 = 2 .4A s1/3NR-0-08lNpe-0-715NvdW0-°52 
+0.55A sN r1-675NA°-125 
+ 0 .2 2 N r-0-24Ng1-11NvdWo °53
Or:
11 = 2 .4 [2 (i-y 5 )/(2 -3 Y + 3 Y 5- 2Y6) ] 1/3(dp/dc)'0081 
(3HJTVfdpdc/KbT)-°-7i5(Ha/KbT)0 052
+ o.55[2(i-Y5)/(2-3Y+3Y5-2Y6)](dp /dc)1-675(37indp2Vf)0125 
+ 0 .2 2 (d p /d c)'o-24(g(pp-pw)dp2/i8 (iV f)111(H a/K bT )0O53
The RT model: (Rajagopalan & Tien, 1976)




n = 4 [2 ( l-Y 5)/(2 -3 Y + 3 Y 5-2Y6) ] l/3(3P^Vfdpdc/KbT)'2/3 
+ [2 (i-Y 5)/(2 -3Y + 3Y 5-2Y6)](4 H a /9 7 i|id p 2Vf1/8)(d p/d c )15/8 













RT 11 vs. TE r) as a function of temperature
For operating ranges typical to that of slow-rate biofiltration systems, the RT 
model predicts that more particles will collide with the collector than that of the TE 
model. In both models the total transport efficiency increases with respect to 
temperature. This means that the resultant sticking coefficient is subjective to the 
trajectory model used. The above and following graphical comparison parameters 
are:
d c =  0.53mm, Ha = lxiO'20, 6  = 0.43, a  = 0.09, V f=  o.im /h, dp= lpm, pp = 1090
kg/m3
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TE vs RT, tj as a function of dp
Both models predict that particles from one to two microns are most likely to 
pass through a filter. For particles < 0.04 and > 5pm, media properties, and 
velocities (~o.im /h) typical to SRBFs, the RT model predicts that less particles will 
collide with the collector than the TE model. From 0.04 to about 5pm, the RT model 
predicts that more particles will collide with the collector.
TE m odel Predictions Using 





0 0 .6 






o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
D epth, m
TE model predictions for different diameters of Winthrop media
Model predictions change as a function of the diameter selected. With respect to 
Winthrop filter media the model does not predict a significant difference between 
the geometric mean (dg), d50, or das. The attachment efficiency used for this 
comparison was 0.09. This was calculated at a depth of about 0.8 m for the 
Winthrop Maine E. coli challenges using the Happel Cell geometric principle.
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APPENDIX H
ACCOUNTING FOR TEMPERATURE FLUCTUATIONS OF NATURAL
WATERS
SRBFs typically treat surface waters, which change temperature on diurnal and 
seasonal timescales. Maine’s climate is among the most extreme in the lower 48, the 
adage being, if you do not like the weather, wait ten minutes; seasonal temperatures 
can swing between -io°C to 35°C. The Winthrop water treatment facility uses surface 
water collected from Narrows Pond. In January the inlet water temperature is about 
5-7°C and in August it is around 2i-25°C.
Depth filtration models are a function of the fluid’s absolute viscosity and 
density, both of which change with respect to temperature. In order to account for 
this fluctuation, formulae must be implemented into the TE model that brings 
temperature to absolute viscosity and density. Below is a graph depicting their 
relationship.
A bsolute V iscosity and D ensity o f  W ater 
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°C
Absolute viscosity and density of water vs. temperature, °C
The absolute viscosity is a third order polynomial function of the temperature and 
the density is a second order polynomial function of temperature. The following 
graphs depict their mathematical relationships.
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D ensity o f W ater as a Function o f  
Temperature
p (kg/m A 3)
■Poly, (p (kg/mA3))
y = -0.0036X2 - 0.0658X + 1000.6 
R2 = 0.9993
 1 ,------ ,------1 I------1------ 1------ 1------ 1------ 1
o 10 20 30 40 50 60 70 80 90 100
°C













Absolute V iscosity o f W ater as a 
Function o f Temperature
y = -3E-09X3 + 6E-07X2 - 5E-05X + 0.0017 
R2 = 0.9979
p (N*s/mA2)
 Poly, (p (N*s/mA2))
90 100
Absolute viscosity of water as a function of temperature, °C
The above graphs depict that formulae can be used to calculate both density and 
absolute viscosity of water as a function of temperature. The polynomial functions 
depicted above are substituted into the model as follows:
p = - ( 3.6 x 1(T3Tc2 + 6.58 X  10_2TC -  1000)
p = - ( 3  x 10_9T3 -  6 x 107T2 + 5 x 10_5TC -  0.0017)
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APPENDIX I
INTEGRATING das INTO n
das is substituted in for dc in the single collector trajectory expression being used. An 
example substitution is provided below using the TE model.
Substituting das for dc into the TE model:
r\ = 2.4[2(i-Y5)/(2-3Y+3Y5-2Y6)]1/3(dp/das)"oo8l(3p7tVfdpdas/KbT)-°-715(Ha/KbT)0052 
+ o.55[2(i-Y5)/(2-3Y+3Y5-2Y6)](dp/das)1-675(3^pdp2Vf)0125 
+ o.22(dp/ das)‘0-24(g(pP-pw)dp2/  i8pvf)111(Ha/KbT)°°53
T~|tk as a Function of °C and das








Boltzman Constant (Kb) io  23
Hamaker Constant io 20 Range (io a -19 to io a-20)
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APPENDIX J
OVERVIEW OF RIVERBANK FILTRATION (RBF)
RBF has been successfully implemented for over one hundred years across 
Europe and is a proven barrier against pathogenic microorganism and natural 
organic matter. RBF is the physicochemical biological filtration of water being pulled 
through the bank or bed of a surface water body under induced flow from a well. 
Despite the mechanical simplicity and subsequent cost-efficiency, little can be 
predicted about treatment efficiency. Riverbank filtration is most effective in alluvial 
valley aquifer systems that are geologically homogenous and predominated by sand 
and gravel. When the groundwater and river water in these systems are hydraulically 
connected they act as a single resource. (Winter, Harvey, Franke, & Alley, 1999) 
Water treatment efficiency is dependent on multiple environmental conditions 
depicted in the following figure.
Factors of Influence in RBF Systems Performance
Land use patterns have a large impact on surface water quality. Bed material and 
media size distribution effect permeability and filtration efficiency. Microbiological 
processes facilitate natural organic matter removal and dissimilation of metals 
through redox. Groundwater quality and quantity both influence removal with 
dilution. Seasonal variances impact quality and quantity of filtrate. River energy, bed 
material, water quality, biology and redox chemistry impact clogging. All this has to 
be considered with wildlife demands.
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Factors of River Bank Filtration (RBF)
E f f l u e n t  q u a l i f i e d  q u a n t i t y
S t o r m w a t e r  r u n o f f
i v e r b e d  s c o
Safe Yie
G r o u n d w a t e r  d i l u t i o n  
Q u a n t i t y  &  q u a l i t y
U p s t r e a m  l a n d  u s e  p a t t e r n s  
S u r f a c e  w a t e r  c h a r a c t e r i s t i c s  
S e a s o n a l  v a r i a n c e s  
W i l d l i f e  d e m a n d s
M i n i m u m  E B C T  &  d e p t h  t o  w e l l  h e a d  
M e d i a  c h a r a c t e r i s t i c s
Well Head A d s o r p t i o n
B i o d e g r a d a t i o n  &  R e d o x
Aquifer-Stream Interaction
Aquifer-stream interactions can be classified into three primary groups: gaining 
streams, connected losing streams, and disconnected losing streams. All three 
systems are a function of groundwater (GW) energy. The following figure depicts the 
th re e  d iffe re n t c o n d itio n s  a n d  th e  d ire c tio n  o f  flow . D isc o n n ec ted  lo sin g  s tr e a m s  are 
further classified with shallow versus deep water tables. A disconnected losing 
stream with a shallow water table has little unsaturated media to flow through versus 








Microbiology and Oxidation-Reduction Reactions
Redox reactions that occur during RBF are primarily the result of microbiological 
activity. (Kedziorek, Geoffriau, & Bourg, 2008) (Lovely, 1991) (Cosovic, Hrsak, 
Vojvodic, & Krznaric, 1996) The terminal electron donor that allows these 
biogeochemical reactions to occur is natural organic matter (NOM). (Berner, 1981) 
(Chapelle, 2001) Thermodynamics govern microbial kinetics, resulting in a 
sequential respiration order (in RBFs) of aerobic, denitrification, Mn reduction, Fe 
reduction, and Sulfate reduction. At steady state conditions, the chemical formulas 
predict that the hydrogen concentration will increase as the redox reactions free 
energy decreases and the pH is a function of the physiological characteristics of the 
microorganisms that are consuming the hydrogen. (Chapelle, 2001) This means with 
negligible alkalinity, as in New England surface waters, pH is an insightful 
observation into the microbial dynamics within SRBFs. Below is a table of the 
microbiologically based reductive processes occurring in an RBF.
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Reduction half-reactions
Equation Log K pe pe(W) Eh,mV
Aerobic
0 2(aq) + 4H+ +4e- <-*■ 2H20 86.00 21.50 14.50 1268
0 2(g) + 4H+ +4e-«-»2H20 83.12 20.78 13.78 1226







Mn reduction Mn0 2 (s) +4H+ + 2e- —► Mn2+ + 2H20 41.6 20.8 6.8
1227





reduction S0 42- +8e- 9H+ ~  HS- + 4H20 33-66 4.21 -3.67 248
Source: (Benjamin, 2002)
Redox reactions in the GW/Stream interface are governed by microbiological 
processes, and TEA availability. In the clogging layer, or Benthic zone, aerobic and 
anaerobic conditions can occur with different TEAs being reduced within relatively 
small regions. Once Oxygen and Nitrate/Nitrite are depleted as TEAs, biologically 
facilitated Fe and Mn dissolution can decrease water quality. (Lovely, 1991) On the 
other hand, if there is enough oxygen to precipitate trivalent iron oxides, clogging of 
the system can occur. (Kohfahl, Massmann, & Pekdeger, 2009) Literature states that 
dual-Monod kinetics can be used for modeling dissolution of Mn oxides in aquifer 
sands. (Petrunic, MacQuarrie, & Al, 2005) They used pyrolusite (Mn0 2) to model 
Mn as the electron acceptor and acetate as DOC. This approach to modeling is 
provided on the following page.
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Dual Monod-kinetics Approach to Modeling Mn Dissolution
Reaction:
CH3COO- + 4Mn0 2 + 7 H+ <-► 2 HCO3- + 4Mn2+ + 4 H5.O
Monod Formulation:
d[Mn0 2]/d t = -qmXf(Sf/Ks + Sf)([Mn0 2]/Ka+[Mn0 2])
qm = maximum utilization rate for Mn0 2 (molMn0 2/g  cells d)
Xf = concentration of biomass (g cells/kg water)
Sf = concentration of acetate (mol acetate/kg water)
Ks = half-saturation constant for acetate (mol acetate/kg water)
Ka = half-saturation constant for pyrolusite (mol Mn0 2/kg water)
In 2009, Kedziorek & Broug concluded that measuring redox potential (Eh) is not 
correlated to Mn dissolution. To measure and model redox conditions accurately 
they propose the use of an electron trapping capacity (ETC). This represents the 
quantity of electrons that 0 2 and N0 3- can trap as the water travels from oxidizing 
conditions to Mn and Fe reduction. Because oxygen and nitrate inhibit metal 
dissolution they are inversely correlated to Mn and Fe dissolution. As the ETC value 
increase, the Mn and Fe dissolution potential decreases. They propose that an ETC 
threshold of about 0.2 mM for Mn and about 0.1 mM for Fe can be used to 
discriminate between favorable and unfavorable dissolution conditions. (Kedziorek 
& Bourg, 2009)
Calculating ETC:
ETC =  4 [0 2] +  5 [N0 J ]
The ETC is based from the oxidation capacity or reduction resistance of a system 
(OXC). The OXC is the sum of the concentrations of electron acceptors normalized 
by the number of electrons transferred in the reactions. (Barcelonal & Holm, 1991)
Calculating OXC:
ETC =  4 [0 2] +  5 [N0 J  ] +  2 [Mn(IV)] +  [Fe(III)] +  8 [S0 ] +  4 [oxidized C]
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Aquifer-stream interactions have an impact on redox conditions. The following 
three figures depict the differences between the systems at steady state conditions. 
TEA consumption changes spatially as a function of the seasonal variances, stream- 
aquifer relationships, water chemistry, and lithology. Mn and Fe reduction occurs 
after 0 2 and N0 3- are depleted; a longer flow path may favor metal dissolution. 

























Redox successions of disconnected losing stream
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APPENDIX K
QA/QC OF E. COLI AND TOTAL COLIFORMS USING THE IDEXX
QUANTI-TRAY
Quality assurance quality control (QA/QC) was accomplished by analyzing 25 
averaged values from all to date 82 observations of E. coli. For each of these 25 data 
sets the standard deviation, variance, and confidence intervals were calculated. It is 
apparent that the variance or amount data tends to spread around the mean 
increases with the concentration of E. coli and or total coliforms. In conclusion the 
IDEXX Quanti Tray method is most accurate in concentrations of E. coli or total 
coliforms from 100 to 2000 MPN/100 mL.
A minimum detection limit could be accomplished if we had a known standard 
around 1 MPN/100 mL. However, this is impractical and it is apparent from this 
analysis that anything under 10 MPN/100 mL has a fair amount of scatter (relative 
to the value) associated with the observation. A s su ch  th ere  ap p ears to  be no 
difference between 10 and one MPN/100 mL with the IDEXX Quanti tray method, 
observations in this range should be discarded, when possible, for modeling as there 
is an inherent log range of scatter involved.
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The standard deviation o f 
E. coli observations as a 









V =  O .2 1 6 X  -  5 6 5 8 . 3
R2 = 0.9343
500,000 1,000,000 1,500,000 2,000,000
E. coli M PN/ioomL
Noting the above trend is not representative of concentrations in the optimal 









The standard deviation o f  
E. coli observations as a 
function o f concentration
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The 95% Confidence interval for any one observation may be estimated from the 
following relationships:
204
Upper 95%confidence interval 
as a function o f the m ean 
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The 90% Confidence intervals maybe estimated from the following relationships:
Upper 90% confidence interval 
as a function o f the mean 
concentration o f E. coli
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Plotting both 9 0  and 9 5 % Confidence Intervals:
90 & 95% confidence intervals 
as a function o f the mean 
concentration o f E. coli
CI)
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From the above relationships and graphs one can estimate the expected range of 
a mean to 90 and 95% confidence for hypothesis testing. Simply put, if the 
confidence intervals between means overlaps there is no apparent effect.
Before one states that it appears the larger the concentration of E. coli the smaller 
the confidence interval (better resolution), it should be noted that both axis’s are in 
log scale. Plotting the confidence interval versus the mean concentration in Cartesian 














DETECTION OF TOTAL COLIFORMS /  E. COU
Principle
The IDEXX Quanti-Tray/2000 provides an easy, rapid and accurate count of 
coliform bacteria and E. coli. The IDEXX Quanti-Tray/2000 is a semi-automated 
quantification method based on the Standard Methods Most Probable Number 
(MPN) model. The Quanti-Tray® Sealer automatically distributes the 
sample/reagent mixture into separate wells. After incubation, the number of positive 
wells is converted to an MPN using a table provided. Quanti-Tray/2000 counts from 
2 to 2,419 MPN /  100 ml.
Sample Collection and Storage
Collect samples in autoclave-sterilized bottles 
Seal each sample bottle individually in a plastic bag 
Transport in a cooler with ice to the lab and place immediately in the 
refrigerator at 4°C
Maximum storage time is 24 hours
Equipment
a. 100 ml autoclave-sterilized Pyrex vials with lids
b. Quanti/Tray 2000®  trays
c. Quanti-Tray® Sealer
d. Incubator
e. UV light lamp and protective eye wear
Quality Control
Run negative controls (sterile 








1. Turn sealer on to warm up for 20 min.
2. Pipette 99 mL of sterile water into the pyrex bottles.
3 - Add um L of sample from the sampling container to one pyrex bottle (a 10
fold dilution).
4 - Shake for 20 seconds.
5- Transfer um L  from the first bottle to another pyrex bottle (another 10 fold
dilution).
6. Repeat steps c-e until a dilution bottle has an expected concentration of 10-
1000 MPN/ioomL.
7- Pipette off lomL to achieve lOomL in the dilution bottle.
8. Add Colilert® Powder reagent to sample and shake until fully dissolved.
9- Pour sample/reagent into Quanti-Tray®/2000 (counts from 1-2,419).
10. Seal in Quanti-Tray® Sealer and place in 37°C incubator
11. 24 hours later count positive wells and refer to MPN table.
• Yellow wells = positive for total coliforms
• Yellow and UV-fluorescent wells = positive for E. coli
Calculations
Count large and small wells that have turned yellow and also fluoresce magenta 
under the UV light. Consult MPN table provided and record results as MPN/ioomL. 
Use the number of dilutions, n, to calculate the sample concentration by dividing by 
10-n.
ex) # of dilutions, n = 3
Large wells positive = 40 
Small wells positive = 7
Lookup MPN on IDEXX table = 90.8 MPN /  100 mL
2 0 9
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ULTRAVIOLET ABSORBANCE (UV254)
Principle
Beers Law states that absorbance is proportional to the concentration of the 
analyte for a given absorption path length at any given wavelength. UV absorbance at 
254 nm is a useful surrogate parameter for estimating the raw water concentrations 
of organic carbon and THM precursors (Standard Methods 2006).
Apparatus
a. Hitachi UV2000 spectrophotometer




Collect samples in 40 mL amber TOC vials that have been washed with 
chromic acid and baked 90 min. in a muffle furnace at 5500C to mineralize all 
organic matter.
Store at 40C.
Holding time: < 48 hours.
Method
a. Remove samples from refrigerator and allow to warm to room temp.
b. Set spectrophotometer to measure wavelength 254 nm.
c. Zero machine on RO lab water blank.
d. Rinse cuvette with RO water twice; then fill with at least 1.5 ml of sample.
e. Wipe cuvette with kimwipe to be sure it is dry and free of smudges.
f. Measure and record absorbance.
g. Analyze sample aliquots in duplicate (triplicate if discrepancy).
Quality Control
a. Blanks every 8 samples to check for drift.
2 1 0
b. Run duplicate samples from a random source each round of sampling.
c. For this method (not same instrument) the standard deviation of duplicate 
samples was 0.011 cm 1. The standard deviation of duplicate measurements was 
0.002 c m 1. (Collins et al. 1989)
Care for cuvettes
a. Periodically clean cells by rinsing with methanol then RO water, or use 
phosphate free soap.
b. Take care not to drop, scratch or in any way damage the cells.
Instrument Setup
a. Select Photometiy in Main Menu using arrow keys; press ENTER.
b. Select Test Setup: set/check set to 254 nm wavelength.
c. Press FORWARD; machine will align to 254 nm. Wait for 30 minutes for the 
lamp to warm up.
d. Press AUTOZERO to zero on blanks.
e. Press start to measure absorbance of samples.
References
APHA, AWWA, WEF (2006). Standard Methods for the Examination of Water and 
Wastewater. 21st Ed.
Page T. G. 1997. “GAC Sandwich Modification to Slow Sand Filtration for Enhanced 
Removal of Natural Organic Matter” Masters thesis, University of New Hampshire, 
Durham, NH.
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Standard Operating Procedures 
TOTAL ORGANIC CARBON
Principle
Organic carbon is oxidized to carbon dioxide by persulfate in the presence of 
ultraviolet light. The carbon dioxide produced is measured directly by a non- 
dispersive infrared analyzer.
Sample Collection and Storage
Collect samples in 40-mL amber TOC vials that have been washed with 
chromic acid and combusted at 550 degrees Celsius for 90 minutes to remove all 
organic matter.
Preserve with concentrated H3PO4 to pH < 2.
Refrigerate.
Holding time: < 2 weeks with acid preservation.
Equipment
Sievers Model 800 TOC Analyzer with Autosampler 
Aluminum foil
Vials, 40 mL amber glass TOC vials 
Reagents
Potassium persulfate solution, 15%. Shelf life: approximately 90 days.
Potassium acid phthalate (KHP), KHC8H4O8 for standards
Method
Prepare KHP standards:
Prepare 1000 mg/L stock: dissolve 2.1254 g KHC8H4O8 (dried to constant weight at 
103 degrees Celsius) in RO lab water and dilute to 1000 mL.
Make standards according to the table below.
Volumes o f standard stock and RO lab water diluent to make TOC standards.
Standard Concentration, 
mg/L
Volume of 1000 mg/L 
Stock
Dilute to:
0.5 1 mL 2 L
212
1.0 1 mL lL
2.0 2 mL lL
5-0 5 mL lL
10.0 5 mL 500 mL
Start TOC analyzer, autosampler, computer, and printer.
Open TOC analyzer software program.
Fill TOC vials with standards: l for each point on the calibration curve and l 
standard of random concentration for every 8 samples.
Cover each vial with a small piece of aluminum foil in place of the cap. Be careful not 
to leave fingerprints on the foil over the vial opening. Fingerprints will be detected 
by the analyzer as the probe punctures the foil.
Arrange samples and standards. A typical run has the following sequence:
Run order for TOC samples and standards.
Position Sample or Standard
1-2 RO blank
3-7 Standards: one of each, randomized
8-15 Samples and/or sample duplicates, randomized
16 Randomly selected standard read back
{repeat 8 samples and 1 standard until all samples and duplicate have been analyzed}
{last 3 spots} RO blanks
Mount the samples and standards in the autosampler and enter their labels into the 
computer software.
Enter the oxidation and acid rates for each sample and standard:
Acid and oxidation rate settings for standard or sample concentrations.
Concentration Acid Rate Oxidation Rate
RO blank 0.5 0.5
0.5 mg/L standard 0.5 1.0
All others 1.0 2.0
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Run the collection program. The analyzer will take three readings from each sample 
or standard and calculate an average and standard deviation.
Calculations
Calibration Curve: Plot the measured concentrations against the expected standard 
concentrations and fit a calibration curve using linear regression as shown below.
Calculate the sample concentration by substituting the instrument reading (average 
of 3 readings for each sample) into the calibration curve equation.
Calibration Curve
Standard TOC Concentration (mg/L)
Sample TOC calibration curve (June 22, 2005).
Quality Control
Readbacks: random standard after every 8 samples.
Duplicates: analyzed at least 2 duplicate every run.
References
Merrier, David J  (1998). Characterization and treatability of natural organic 
matter from the Croton Reservoir -  Pilot Study II. M.S. Thesis. Univ. of New 
Hampshire.
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DETECTION OF BACILLUS SPORES
Principle
This method is applicable to the detection of Bacillus spores in environmental waters 
and wastewaters.
Bacillus subtilis is a gram-positive bacterium capable of sporulation. At 82°C all 





Analytical balance capable to 10 mg 
Gloves
Refry. Centrifuge and rotor #20 
Water bath capable to reach 82°C 
Ice bucket







Disposable cell spreaders or autoclavable spreaders enough for one per plate
Reagents and materials
Bacillus subtilis (ATCC 6633)
Enterobacter aerogenes 
Phosphate Buffered Saline (Sigma)
NA/Mg/Ca Aga (Nutrient Agar/0.015 g MnS0 4/o .5 g CaCl2*2H20 / 2g 







Samples should be collected in clean, sterile screw cap containers containing 0.01% 
(W/V) Sodium thiosulfate.
Sample transport to laboratories should be in a cooler with ice packs. Do not freeze 
samples.
Samples should be promptly analyzed or stored at 4°C. Maximum holding time is 48 
hours.
Sample Preperation
*For dilutions follow the table in MF protocol*
Influent 1 and 10 ml
Effluent 10 and 100 ml
Background 100 ml
Seed suspension 101 and 102 dilutions
Heat water bath to 82°C
Shake sample and take out two 100 ml portions and lL portion 
Place each portion into sterile bottles
To one 100 ml portion add roughly 100 spores of bacillus stock to act as a positive 
control.
To the other 100 ml portion add 102 Enterobacter aerogenes to act as a negative 
control.
Place all three samples including a bottle with a thermometer in it, in the water bath. 
Cover the water bath.
Shake the bottle regularly.
Leave in the bath for 15 minutes once they have reached 82°C.
Remove the samples and place on ice.
Once they have returned to room temperature, aseptically filter the appropriate 
sample volume through 0.45 pm grided membranes.
To filter rinse 2x with PBS.
Place the filter on T-soy Agar.
Incubate at 35°C for 24 hours.
Other controls: Filter PBS as a negative/Incubate Agar as a negative
All materials used in spore preparation and with samples must be autoclaved at 122-
123°C for 16 minutes to fully kill the spores.
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Calculations
Count spores and record results as CFU/L. There should be between 30 and 300 
colonies in each filter.
Quality Control
Run negative controls (sterile water) and positive controls (sterile water spiked with 
Bacillospores) every time
References
Baribeau Helene and Anagha Chitre, Standard Operating Procedure Aerobic Spore 
Forming Bacteria. 1998
Danielson et al. Recovery and Sporicidal Resistance of Various B. subtilis Spore 
Preparation on Porcelain Penicylinders Compared with Results from AOAC Test 
Methods: journal of AOAC International, vol. 83, No 1, 2000.
FDA. Clean spore Preparation Procedure.
Levin P. A. and Grossman A. D. Cell Cycle and Sporulation in Bacillus subtilis. 
Current opinion in Microbiology. 1998 Vi:p630-635
Safety. 1998 Standard Methods for the Examination of Water and Wastewater. 20th 
Edition. Section 1090.
University of New Hampshire Microbiology Lab Safety Manual, 1998 
University of New Hampshire Microbiology Quality Assurance Manual, 1998
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Procedure for growing spores
Sporulation Broth 
l g Yeast extract
1 g Beef extract 
dash of salt (joke)
2 g Tryptone 




23 g Nutrient agar 
0.015 MnS0 4 
0.5 g CaCl2*2H20
2 g MgS04*7H20  
lL Water
Filter water
Plate 24 hrs on Tsoy
Pick colonies off
Grow in Sporulation Broth
Plate at 37°C for 2 days on NaMgCa Agar
Leave on shelf for 7-10 days
Scrape plates and combine all plates
Heat at 8o°C in water bath for 20 minutes
Centrifuge 10 minutes at 9000 RPMs
Pour off liquid
Re-suspend pellet in sterile water 
Titer
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MICROBIAL BIOMASS MEASUREMENT 
BY PHOSPHOLIPID EXTRACTION
Principle
Phospholipids are ubiquitous in cell membranes and are turned over 
relatively quickly during metabolism. They are therefore a good indicator of viable 
biomass. This method eliminates some of the difficulties of other biomass 
measurements because it is performed in situ, thus avoiding the use of surfactants 
and their associated variability in recovery.
Lipids are extracted in a mixture of methanol, chloroform and water. After 
the extraction is completed, more chloroform and dilute sulfuric acid are added to 
separate the solvents, causing the lipids to settle in the chloroform phase below the 
water and methanol. Lipid-containing chloroform is withdrawn and dried under 
nitrogen. Phosphate is then liberated by oxidation with potassium persulfate and 
colored by reaction with ammonium molybdate and malachite green to form a lime 
green solution that is analyzed colorimetrically.
Sample Collection and Storage
Sand samples are stored at 4°C in chromic-acid washed glass jars with screw 
caps completely submerged in water from their environment.
Maximum holding time: 24 hours. An analysis by Page (1997) found no 





Matched quartz cuvettes, 1.0 cm pathlength 
20 mL and 10 mL vials with TFE-lined screw caps 
Syringes 
Pipetters
Compressed nitrogen tank and manifold
219
Reagents
Concentrated Sulfuric Acid (36 N) H2S0 4 and Dilutions (6 month storage)
0.36 N H2SO4:
Dilute 10 mL stock to 1 L with distilled RO water 
5.72 N H2S0 4
Dilute 159 mL stock to 1 L with distilled RO water
Chloroform, pesticide grade
Methanol, pesticide grade 
Nitrogen Gas, pre-purified
Acidified Water (6 month storage refrigerated)
Dilute 4.0 mL H2S0 4 stock (36 N) to 500 mL with distilled RO water
Potassium Persulfate (6 month storage)
5% K2S2S04 in 0.36 N H2S0 4:
Dissolve 5 g K!2S2S04 with 0.36 N H2S0 4 to 100 mL
Ammonium Molybdate (6 month storage)
2.5% (NH4)6Mot0 24«4H20  in 5.72 N H2S0 4:
Dissolve 2.5 g (NH4)6Mo70 24*4H20  with 5.72 N H2S0 4 to 100 mL
Malachite Green (6 month storage in the dark)
0.111% polyvinyl alcohol and 0.111% malachite green in water: 
Dissolve 0.555 g polyvinyl alcohol (100% hydrolyzed) in 500 mL distilled RO water 
at 8o°C, cool, then add 0.555 g malachite green. Ensure thoroughly mixed (no 
precipitate) before each use.
Potassium Phosphate Standard 0.2 mM (prepare fresh daily)
KH2P0 4 Molecular Weight = 136 g/mol
1) Make 2 M stock: Dissolve 0.272 g KH2P0 4 in 1 L distilled RO water 




Weigh empty 20 mL vial w/o cap. Tare empty vial. Add 1 g wet sand.
Under the fume hood: Add 2.5 mL chloroform and 5.0 mL methanol, cap tightly, 
swirl by hand for 10 sec.
Let vials stand 2 - 2 4  hours (6 hours used in this study) to allow biomass to be 
extracted by solvent. Record standing time allowed.
2 2 0
Add 2.5 mL chloroform and 4.0 mL acidified water, tighten cap, and swirl for 10 sec. 
The chloroform phase is now below the water and methanol.
Let vials stand overnight (16 hours used in this study).
Dav 2
Extraction (cont’d)
Using a needle-tipped syringe, transfer 2 mL of chloroform extract to 10 mL vials. 
Rinse syringe 2x with chloroform and lx with the next sample before extracting the 
next sample.
Create standards. Add 0 ,10,25,50,75, and 100 uL potassium phosphate standard 
solution to 10 mL vials in triplicate.
Dry down chloroform extracts and standards under nitrogen stream at 15 psi in a 
50°C water bath. Use a test tube rack and manifold to dry many samples at once.
Digestion
Add 0.9 mL potassium persulfate reagent to each dried standard and sample. 
Tighten caps.
Place in 103°C oven overnight.
P.ay.3
Color Change
Allow vials to cool to room temperature.
Add 0.2 mL ammonium molybdate, mix by hand, let stand for 10 min.
Add 0.9 mL malachite green, mix by hand, let stand 30 min. N.B.: Malachite green 
must be thoroughly stirred before use.
N.B.: If a yellow color develops instead of a green color, potassium persulfate may be 
expired, and organic carbon is interfering with the color change. Make fresh 
potassium persulfate reagent.
Measurement
Measure absorbance with spectrophotometer at 610 nm against RO water. Zero on 
RO water.
Between samples, rinse cuvette lx with methanol, lx with RO water, and lx with a 
small volume of the next sample.
Dry Weight Determination
Decant excess liquid from 20 mL vials into hazardous waste container.
Dry at 6o°C for at least 48 hours. Studies found no significant reduction in weight 
drying at 103°C vs. 6o°C or when drying longer than 48 hours.
Weigh sample and vial and subtract vial weight to determine dry sample weight.
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Calculations
l. Calculate final P0 43- concentration in 10 mL vials for calibration curve:
Let Vbe the volume of standard added to the vial before drying.
Moles KH2P0 4 in vial = 0.2x 10 3 molKH?PQt  * V .
L
KH2P0 4 dissociates according to the equation 
KH2P0 4 -» K+ + 2H+ + P0 43-,
so l mole KH2P0 4 corresponds to l mole P0 43-.
Phosphate is digested by addition of 0.9 mL potassium persulfate and then reacted 
with 0.2 mL ammonium molybdate and 0.9 mL malachite green for a final volume of 
2.0 mL.
Let Va = 0.002 L represent this final volume.
Then, the final concentration, C/, of phosphate before spectrophotometry is given 
by:
0.2x 10- n’0 lK "  J ’0 *
C f = ------------------- ^ --------- * V = 0.1F
f  0.002 L
Volume Phosphate Standard 
Dried, V  (uL)
Final Concentration of Phosphate in 2 







2. Determine phosphate concentration, Cf, from dried sample extracts using 
calibration curve.
3. Calculate moles P0 43- per gram dry weight of original sample:
2 2 2
3- Cf * V *  5 mL chloroform total* 1000 
nmol P0 4 _ //mol
gdw (2 mL chloroform extracted)(g dry sand)
gdrysand 
Quality Control
Blanks: zero spectrophotometer with RO water blank. Readback blank every 10 
samples and at end of run to monitor for drift.
Replication: analyze every sample at least in duplicate and preferably in triplicate.
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PILOT SCALE DATA SET
ID Temp Depth das HLR EBCT Porosity T)te C/Co(°C) (m) (n r1) (mm) (m/h) (hrs) (6)
ASR 18 0.10 7,629.23 0-55 0.050 2.04 0.302 0.0246 4.12E-02
ASR 18 0.10 7,629.23 0-55 0.050 2.04 0.302 0.0246 2.06E-02
ASR 18 0.10 7,629.23 0.55 0.050 2.04 0.302 0.0246 1.84E-02
ASR 18 0.48 7,629.23 0.55 0.050 9.71 0.302 0.0246 1.52E-02
ASR 18 0.48 7,629.23 0.55 0.050 9.71 0.302 0.0246 1.52E-02
ASR 18 0.48 7,629.23 0.55 0.050 9.71 0.302 0.0246 9.43E-03
ASR 18 0.48 7,629.23 0.55 0.050 9.71 0.302 0.0246 1.52E-02
ASR 18 1.09 7,629.23 0.55 0.050 21.97 0.302 0.0246 4.23E-03
ASR 18 1.09 7,629.23 0.55 0.050 21.97 0.302 0.0246 3.36E-03
ASR 18 1.09 7,629.23 0.55 0.050 21.97 0.302 0.0246 3.14E-03
ASR 18 1.09 7,629.23 0.55 0.050 21.97 0.302 0.0246 3.25E-03
ASR 18 2.62 7,629.23 0-55 0.050 52.61 0.302 0.0246 4.23E-04
ASR 18 2.62 7,629.23 0-55 0.050 52.61 0.302 0.0246 2.38E-04
ASR 23 0.10 7,629.23 0.55 0.049 2.09 0.302 0.0460 1.53E-01
ASR 23 0.10 7,629.23 0.55 0.049 2.09 0.302 0.0460 3.31E-02
ASR 23 0.48 7,629.23 0.55 0.049 9-94 0.302 0.0460 4.20E-02
ASR 23 0.48 7,629.23 0-55 0.049 9.94 0.302 0.0460 9.04E-03
ASR 23 0.48 7,629.23 0.55 0.049 9-94 0.302 0.0460 7.26E-03
ASR 23 1.09 7,629.23 0.55 0.049 22.49 0.302 0.0460 1.12E-02
225
ASR 23 1.09 7,629.23 0.55
ASR 23 1.09 7,629.23 0.55
ASR 23 1.09 7,629.23 0.55
ASR 23 1.70 7,629.23 0.55
ASR 23 1.70 7,629.23 0.55
ASR 23 1.70 7,629.23 0.55
ASR 23 1.70 7,629.23 0.55
ASR 23 2.62 7,629.23 0.55
ASR 23 2.62 7,629.23 0.55
ASR 23 2.62 7,629.23 0.55
ASR 22 0.10 7,629.23 0.55
ASR 22 0.10 7,629.23 0.55
ASR 22 0.10 7,629.23 0.55
ASR 22 0.48 7,629.23 0.55
ASR 22 0.48 7,629.23 0.55
ASR 22 1.09 7,629.23 0.55
ASR 22 0.10 7,629.23 0.55
ASR 22 0.10 7,629.23 0.55
ASR 22 0.10 7,629.23 0.55
ASR 22 1.09 7,629.23 0.55
ASR 22 1.09 7,629.23 0.55
ASR 22 1.70 7,629.23 0.55
RBF 16 0.69 10232.8 0.38
RBF 16 0.69 10232.8 0.38
RBF 16 0.69 10232.8 0.38
RBF 16 1-30 10232.8 0.38
RBF 16 1.30 10232.8 0.38
RBF 16 1.30 10232.8 0.38
0 .0 4 9 2 2 .4 9 0 .3 0 2 O.O46O 1.91E -02
0 .0 4 9 2 2 .4 9 0 .3 0 2 O.O46O 6.H E -O 3
0 .0 4 9 2 2 .4 9 0 .3 0 2 O.O46O 1.91E -03
0 .0 4 9 3 5 .0 4 0 .3 0 2 O.O46O 3.O6E-O3
0 .0 4 9 3 5 0 4 0 .3 0 2 O.O46O 4.58E -O 3
0 .0 4 9 3 5 .0 4 0 .3 0 2 O.O46O 3 .06E-03
0 .0 4 9 3 5 0 4 0 .3 0 2 O.O46O 1.91E -03
0 .0 4 9 5 3 .8 7 0 .3 0 2 O.O46O 2 .1 6 E -0 4
0 .0 4 9 5 3 .8 7 0 .3 0 2 O.O46O 4.71E-O 4
0 .0 4 9 5 3 .8 7 0 .3 0 2 O.O46O 8 .53E-04
0 .0 4 6 2 .2 0 0 .3 0 2 0 .0 4 0 9 9 .6 6 E -0 2
0 .0 4 6 2 .2 0 0 .3 0 2 0 .0 4 0 9 2 .2 1 E -0 2
0 .0 4 6 2 .2 0 0 .3 0 2 0 .0 4 0 9 2 .7 6 E -0 2
0 .0 4 6 10.43 0 .3 0 2 0 .0 4 0 9 7.72E-03
0 .0 4 6 10.43 0 .3 0 2 0 .0 4 0 9 5 .52E-03
0 .0 4 6 23.61 0 .3 0 2 0 .0 4 0 9 2 .2 1 E -0 4
0 .0 4 6 2 .2 0 0 .3 0 2 0 .0 4 0 9 2 .7 6 E -0 2
0 .0 4 6 2 .2 0 0 .3 0 2 0 .0 4 0 9 1 .6 6 E -0 2
0 .0 4 6 2 .2 0 0 .3 0 2 0 .0 4 0 9 4 .1 4 E -0 3
0 .0 4 6 23.61 0 .3 0 2 0 .0 4 0 9 4 .1 4 E -0 3
0 .0 4 6 23 .61 0 .3 0 2 0 .0 4 0 9 4 .1 4 E -0 3
0 .0 4 6 36.79 0 .3 0 2 0 .0 4 0 9 1 .6 6 E -0 4
0 .0 7 4 9.21 0.35 O.OI67 3 .9 0 E -0 2
0 .0 7 4 9.21 0.35 O.OI67 4 .5 0 E -0 2
0 .0 7 4 9.21 0-35 O.OI67 2 .6 2 E -0 2
0 .0 7 4 17.52 0.35 O.OI67 1 .81E -02
0 .0 7 4 17.52 0-35 O.OI67 2 .0 4 E -0 2
0 .0 7 4 17.52 0.35 O.OI67 1 .9 2 E -0 2
226
RBF 16 2.52 10232.8 0.38
RBF 16 2.52 10232.8 0.38
RBF 16 2.52 10232.8 0.38
RBF 16 3-82 10232.8 0.38
RBF 16 3 82 10232.8 0.38
RBF 16 3-82 10232.8 0.38
RBF 16 3 82 10232.8 0.38
RBF 16 3 82 10232.8 0.38
RBF 16 5.04 10232.8 0.38
RBF 16 5.04 10232.8 0.38
RBF 16 5.04 10232.8 0.38
RBF 16 5-04 10232.8 0.38
RBF 16 5.04 10232.8 0.38
RBF 16 5-04 10232.8 0.38
RBF 17 0.69 10232.8 0.38
RBF 17 0.69 10232.8 0.38
RBF 17 0.69 10232.8 0.38
RBF 17 1.30 10232.8 0.38
RBF 17 1.30 10232.8 0.38
RBF 17 1.30 10232.8 0.38
RBF 17 1.30 10232.8 0.38
RBF 17 1.90 10232.8 0.38
RBF 17 1.90 10232.8 0.38
RBF 17 1.90 10232.8 0.38
RBF 17 2.52 10232.8 0.38
RBF 17 2.52 10232.8 0.38
RBF 17 2.52 10232.8 0.38
RBF 17 3-82 10232.8 0.38
0.074 33.89 0-35 0.0167 1.35E-02
0.074 33.89 0.35 0.0167 1.45E-02
0.074 33.89 0.35 0.0167 1.08E-02
0.074 5129 0-35 0.0167 1.19E-03
0.074 51.29 0.35 0.0167 7.07E-04
0.074 5129 0.35 0.0167 1.58E-03
0.074 5129 0.35 0.0167 9.23E-04
0.074 51.29 0.35 0.0167 1.39E-03
0.074 67.66 0.35 0.0167 6.78E-04
0.074 67.66 0.35 0.0167 5.97E-04
0.074 67.66 0.35 0.0167 4.69E-04
0.074 67.66 0.35 0.0167 4.36E-04
0.074 67.66 0.35 0.0167 6.46E-04
0.074 67.66 0.35 0.0167 9.35E-04
0.074 9.21 0.35 0.0181 1.87E-02
0.074 9.21 0.35 0.0181 1.82E-02
0.074 9.21 0-35 0.0181 2.28E-02
0.074 17.52 0.35 0.0181 7.31E-03
0.074 17.52 0.35 0.0181 7.48E-03
0.074 17.52 0.35 0.0181 7.02E-03
0.074 17.52 0.35 0.0181 9.34E-03
0.074 2545 0.35 0.0181 7.41E-03
0.074 25.45 0-35 0.0181 5.31E-03
0.074 25.45 0.35 0.0181 4.16E-03
0.074 33.89 0.35 0.0181 2.33E-03
0.074 33.89 0.35 0.0181 2.18E-03
0.074 33.89 0.35 0.0181 1.70E-03
0.074 51.29 0.35 0.0181 2.96E-05
L
zz
RBF 17 3.82 10232.8 0.38 0.074 5129 0.35 0.0181 9.19E-05
RBF 17 3.82 10232.8 0.38 0.074 51.29 0.35 0.0181 9.19E-05
RBF 17 5-04 10232.8 0.38 0.074 67.66 0.35 0.0181 6.22E-05
RBF 17 5-04 10232.8 0.38 0.074 67.66 0-35 0.0181 3.06E-05
UngerSSF 17.2 0.03 6459 02 0.53 0.193 0.13 0-43 0.0064 5.01E-02
USSF 17.2 0.25 6459.02 0.53 0.193 1.25 0.43 0.0064 7.94E-03
USSF 17.2 0.48 6459.02 0.53 0.193 2.38 0.43 0.0064 5.01E-03
USSF 17.2 0.70 645902 0.53 0.193 3 5 0 0.43 0.0064 2.51E-03
WSSF 11.50 0.7747 6 ,459-02 0.53 0.19 3-99593 0.43 0.0043 5.25E-05
WSSF 11.50 0.7747 6,459.02 0.53 0.19 3.99593 0.43 0.0043 5.53E-05
WSSF 11.50 0.7747 6,459 02 0.53 0.19 3-99593 0.43 0.0043 7.28E-05
WSSF 11.50 0.7747 6,459.02 0.53 0.19 3-99593 0.43 0.0043 7.64E-05
WSSF 11.50 0.7747 6 ,459-02 0.53 0.19 3-99593 0-43 0.0043 8.09E-05
WSSF 11.50 0.7747 6,459 02 0-53 0.19 3.99593 0.43 0.0043 8.20E-05
WSSF 11.50 0.7747 6,459 02 0.53 0.19 3-99593 0.43 0.0043 9.24E-05
WSSF 11.50 0.7747 6,459 02 0.53 0.19 3-99593 0.43 0.0043 7.32E-05
WSSF 5.00 0.762 6,45902 0.53 0.21 3.69515 0-43 0.0029 3.59E-04
WSSF 5-00 0.762 6,459.02 0.53 0.21 3.69515 0.43 0.0029 4.28E-04
WSSF 5-00 0.762 6 ,459-02 0.53 0.21 3.69515 0.43 0.0029 4.80E-04
WSSF 5-00 0.762 6,459.02 0.53 0.21 3.69515 0-43 0.0029 2.87E-04
WSSF 5-00 0.762 6,459-02 0-53 0.21 3.69515 0.43 0.0029 3.39E-04
WSSF 5-00 0.762 6 ,45902 0.53 0.21 3.69515 0.43 0.0029 2.46E-04
WSSF 5.00 0.762 6,459.02 0.53 0.21 3.69515 0.43 0.0029 3.59E-04
WSSF 5-00 0.762 6 ,459-02 0-53 0.21 3.69515 0-43 0.0029 3.59E-04
WSSF 5-50 0.8382 6,459-02 0-53 0.22 3.79281 0.43 0.0029 8.15E-03
WSSF 5.50 0.8382 6,45902 0.53 0.2.2. 3.79281 0-43 0.0029 6.13E-03
WSSF 5-50 0.8382 6,459.02 0.53 0.22 3.79281 0.43 0.0029 5.47E-03
WSSF 5.50 0.8382 6 ,45902 0-53 0.22 3.79281 0.43 0.0029 4.62E-03
228
WSSF 5 5 0 0.08 6 ,459-02 0.53 0.22 0.3448 0-43 0.0029 5 .97E-03
WSSF 5 5 0 0.08 6 ,459-02 0.53 0.22 0.3448 0.43 0.0029 7.11E-03
WSSF 5.50 0.44 6 ,459-02 0.53 0.22 2.01134 0-43 0.0029 1.14E-02
WSSF 5.50 0.44 6 ,459-02 0.53 0.22 2.01134 0-43 0.0029 7.59E-03
WSSF 12.90 O.8255 6 ,459-02 0.53 0.19 43536 0-43 O.OO48 7.83E-O4
WSSF 12.90 O.8255 6 ,45902 0.53 0.19 4.3536 0.43 O.OO48 9.22E-04
WSSF 12.90 0.8255 6 ,459-02 0.53 0.19 4.3536 0-43 O.OO48 9.22E-04
WSSF 12.90 0.8255 6 ,45902 0.53 0.19 4-3536 0.43 O.OO48 2 .03E-03
WSSF 12.90 O.O635 6 ,45902 0-53 0.19 0.33489 0-43 O.OO48 5.54E-O2
WSSF 12.90 0.0635 6 ,459-02 0.53 0.19 0.33489 0.43 O.OO48 4.47E-O2
WSSF 12.90 0.43 6 ,45902 0.53 0.19 2.27727 0-43 O.OO48 1.26E-03
WSSF 12.90 0.43 6 ,459-02 0.53 0.19 2.27727 0.43 O.OO48 1.26E-03
WSSF 21.00 0.81 6 ,459-02 0.53 0.18 4.51443 0.43 0.0099 6.58E-O4
WSSF 21.00 0.8l 6 ,459-02 0.53 0.18 4.51443 0.43 0.0099 7.29E-O4
WSSF 21.00 0.8l 6 ,459-02 0-53 0.18 4.51443 0.43 0.0099 9.7OE-O4
WSSF 21.00 0.81 6 ,459-02 0.53 0.18 4-51443 0-43 0.0099 7.27E-O4
WSSF 21.00 0.0508 6 ,459-02 0.53 0.18 0.28215 0-43 0.0099 7.O6E-O4
WSSF 21.00 0.0508 6 ,459.02 0.53 0.18 0.28215 0.43 0.0099 5.29E-O4
WSSF 21.00 0.4191 6 ,459.02 0.53 0.18 2.32775 0.43 0.0099 I.O7E-O4
WSSF 10.60 0.8l 6 ,45902 0-53 0.11 7.39861 0.43 O.OO63 2.96E-O5
WSSF 10.60 0.8l 6 ,459-02 0.53 0.11 7.39861 0.43 O.OO63 6.IOE-O5
WSSF 10.60 0.8l 6,459 02 0.53 0.11 739861 0.43 O.OO63 5.39E-05
WSSF 10.60 0.8l 6 ,459.02 0-53 0.11 7.39861 0.43 O.OO63 9.I7E-O5
WSSF 10.60 0.8l 6 ,459-02 0-53 0.11 739861 0-43 O.OO63 7.17E-05
WSSF 10.60 0.8l 6 ,459-02 0.53 0.11 739861 0-43 O.OO63 7.88E-O5
WSSF 10.60 0.0508 6 ,459-02 0.53 0.11 O.4624I 0-43 O.OO63 7.96E-O2
WSSF 10.60 0.0508 6 ,459-02 0.53 0.11 O.4624I 0.43 0.0063 6.46E-O2
WSSF 10.60 0.4191 6 ,459-02 0.53 0.11 3.81491 0.43 O.OO63 2 .55E-04
229
WSSF 5-00 0.8128 6 ,459-02 0.53
WSSF 5-00 0.8128 6 ,459-02 0.53
WSSF 5-00 0.8128 6 ,459-02 0-53
WSSF 5-00 0.8128 6 ,459-02 0.53
WSSF 5-00 0.0508 6 ,459-02 0-53
WSSF 5-00 0.0508 6 ,459-02 0.53
WSSF 5-00 0.4191 6 ,459-02 0.53
0.20 4.00527 0-43 0.0030 1.27E-04
0.20 4.00527 0.43 0.0030 2.27E-04
0.20 4.00527 0-43 0.0030 1.85E-04
0.20 4.00527 0.43 0.0030 2.12E-04
0.20 0.25033 0.43 0.0030 4.49E-01
0.20 0.25033 0.43 0.0030 9.15E-01
















































Phase HLR (m/hr) HLR (m/sec) Kobs
I 0.50 0.000138889 1.06E+03
I 0.50 0.000138889 1.16E+03
I 0.10 2.77778E-05 1.64E+04
I 0.10 2.77778E-05 1.44E+04
I 0.10 2.77778E-05 1.64E+04
I 0.45 0.000125 2.40E+03
I 0-45 0.000125 2.39E+03
I o.45 0.000125 1.91E+03
I 0.45 0.000125 2.35E+03
I 0.10 2.66667E-05 1.48E+04
I 0.10 2.66667E-05 1.63E+04
I 0.10 2.66667E-05 1.39E+04
I 0.10 2.66667E-05 1.16E+04
I 0.45 0.000125 1.91E+03
I 0.45 0.000125 1.96E+03
II 0.20 555556E-05 1.22E+04
II 0.20 5-55556E-05 1.11E+04
II 0.20 5.55556E-05 1.24E+04
II 0.20 5-55556E-05 1.28E+04
II 0.20 5.55556E-05 1.40E+04
II 0.20 5-55556E-05 1.11E+04
II 0.20 5-55556E-05 1.40E+04
II 0.20 5.55556E-05 1.45E+04
II 0.20 5-55556E-05 1.40E+04
II 0.20 5-55556E-05 1.45E+04
II 0.20 5.55556E-05 1.50E+04
II 0.20 5.55556E-05 1.62E+04
II 0.20 5.55556E-05 1.62E+04
II 0.20 5-55556E-05 1.68E+04
II 0.20 5-55556E-05 1.62E+04
II 0.20 5-55556E-05 1.45E+04
II 0.20 5-55556E-05 1.40E+04
II 0.20 5-55556E-05 1.45E+04
II 0.20 5-55556E-05 8.43E+03
II 0.20 5-55556E-05 8.43E+03
II 0.20 5-55556E-05 1.01E+04
II 0.20 5-55556E-05 7.37E+03
II 0.20 5-55556E-05 8.43E+03
































0.30 8.33333E -05 4.02E + 03
0 .30 8.33333E -05 3.71E+03
0 .30 8.33333E -05 3.38E + 03
0 .40 0.000111111 1.91E+03
0 .40 0.000111111 8.69E + 02
0 .40 0.000111111 1.55E+03
0 .40 0.000111111 1.55E+03
0 .40 0.000111111 1.38E+03
0 .40 0.000111111 1.91E+03
0 .30 8.33333E -05 1.67E+03
0 .30 8.33333E -05 2.10E+03
0 .30 8.33333E -05 2.13E+03
0 .30 8.23365E -05 7.49E+03
0 .30 8.23365E -05 6.66E +03
0 .30 8.23365E -05 7.29E+03
0 .30 8.23365E -05 7.22E+03
0.44 0.000122826 7.08E +03
0.44 0.000122826 6.97E +03
0.44 0.000122826 7.10E+03
0.44 0.000122826 7.22E+03
0.45 0.000124183 6.40E + 03
0.45 0.000124183 6.25E +03
0.45 0.000124183 6.43E +03
0.45 0.000124183 6.20E + 03
0.27 747549E -05 9.11E+03
0.27 7.47549E-05 9.29E +03
0.27 7.47549E-05 8.86E + 03
0.27 7.47549E-05 9.43E +03
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JMP Data Table for C/Co DOC to pathogen correlation
Depth (m) C/Co DOC C/Co MS2 C/CoASFB
C/Co
Coliforms C/Co E. coli
0.685799999 0.944041509 0.038972726 0 .024988462 0.540173053 0.178217822
0.685799999 0.936513461 0.044995154 0.040878222 0.587556654 0.118811881
0.685799999 0.944041509 0.026235636 0.032109184 0.653893696 0.207920792







1.304924998 0.885322735 0.018136508 0.018329267 0.540173053 0.118811881
1.304924998 0 .8 8 0 8 0 5 9 0 6 0 .020420878 0.017274346 0.39802225 0.178217822
1.304924998 0 .886828344 0.019244081 O.OI4241445 0.388545529 0.118811881
1.304924998 . 0.284301607 .
1.895474997 0.760357137 0.236918006 0.10990099
1.895474997 0.758851527 0.236918006 0.142574257
1-895474997 0.754334699 0.25776679 0.124752475





2.524124996 1.046422963 0.720230738 0.222772277
2.524124996 1.043411744 0.549649773 0.255445545
2.524124996 1.049434182 0.606510095 0.21980198
2.524124996 0.989209798 0.559126494 .
2.524124996 0.986198579 0.852904821 .
2.524124996 0.987704188 0.758137618 .
2.524124996 . 0.663370416 .
3.819524994 0.682065437 0.001192025 O.OOIO23934 0.14499382 0.035643564
3.819524994 0.686582266 0 .000707462 0.000905914 0.180057684 0.044851485
3.819524994 0.686582266 0.001578292 0.001134041 0.170580964 0.043663366
3.819524994 0.647436416 0 .000923439 O.OOO879541 0.233127318
3.819524994 0 .645930807 0.001391389 0.001054922 0.123197363
3.819524994 0.644425197 • . 0.208487845
3.819524994 . . 0.293778327
3.819524994 - . . 0.255871446
5.038724992 0.656470074 0 .000678388 0.00064614 0.176266996 0 .04039604
5.038724992 0.654964464 0.000596705 0.000584163 0.16394726 0.033267327
5.038724992 0.654964464 0 .000468642 0 .00046944 0.160156572 0.025544554
2 3 2
5.038724992 0.71067202 0.000436107 O.OOO415375 0.15447054
5.038724992 0.707660801 0.000645854 0 .000599327 0.199011125
5.038724992 0.71217763 0.000934515 0 .0 0 0 8 9 0 0 9 0.132674083
5.038724992 . • 0.142150803
5.038724992 • • 0.142150803
















1.895474997 0 .822005854 .


















5 .0387,84992 0.713709884 •
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